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Preface: our personal, Australian, perspectives

Every country has its own landscape which deposits itself in layers on the consciousness of its
citizens, thereby canceling the exclusive claims made by all other landscapes.

Any book reflects the personal histories and as-
sociated geographic and cultural values of its
authors. In a number of ways it is increasingly dif-
ficult for us to separate our scientific perspective
on rivers and their management from an emotion-
al and aesthetic bond that has developed in our
work. Working within a conservation ethos, we
promote a positive sense of what can be achieved
through effective implementation of rehabilita-
tion practices.

Perspectives conveyed in this book undoubtedly
reflect, to some degree, the distinctive nature of
the Australian landscape and biota, the recent yet
profound nature of disturbance associated with
colonial settlement, and community involvement
in river conservation and rehabilitation practices.
The long and slow landscape evolution of the
Australia landmass has resulted in rivers with
a distinctive character and behavior, driven by
factors such as the relative tectonic stability and
topographic setting of the continent, pronounced
discharge variability, and limited material avail-
ability. Remarkably few river systems comprise
truly alluvial, self-adjusting streams. Many con-
temporary river forms and processes have been in-
fluenced by antecedent landscape controls, such as
the nature of the bedrock or older alluvial materi-
als over which they flow, and generally limited
relief. Given the nature of the environmental set-
ting, it is scarcely surprising that the Australian
landscape is characterized by an array of river
forms and processes that is seldom observed else-
where. Across much of the continent, human dis-
turbance has left a profound “recent” imprint on
this largely ancient landscape, the consequences
of which vary markedly from system to system
(e.g. Rutherfurd, 2000).

Murray Bail, 1998, p. 23

Along with its unique environmental setting
and history of human disturbance, a distinctive
approach to natural resources management that
is characterized by extensive on-the-ground in-
volvement of community groups has developed
in Australia. Rehabilitation strategies imple-
mented through Catchment Management
Committees (or Authorities/Trusts), Landcare
Groups, Rivercare Groups, etc. have been comple-
mented by core support through Federal and State
Government programs. Adoption of participatory
rather than regulatory approaches to river manage-
ment has presented significant opportunity to
incorporate research ideas into management
practice.

Uptake of rehabilitation programs that strive to
heal river systems in Australia has been driven by
extensive involvement and leadership from the
small group of professional geomorphologists in
the country. A significant collection of tools
and techniques for river rehabilitation has been
provided, including the National Stream Re-
habilitation Guide (Rutherfurd et al., 2000), the
National Stream Restoration Framework (Koehn
etal., 2001), and proceedings from various Stream
Management Conferences (Rutherfurd and
Walker, 1996; Rutherfurd and Bartley, 1999;
Rutherfurd et al., 2001b). Our efforts in writing
this book have been aided enormously by this in-
vigorating set of research products, and the dedica-
tion of various river practitioners who have “made
this happen.”

In our quest to develop a logical set of principles
with which to interpret the diversity and complex-
ity of the real world, we have tried to communicate
our understanding in as simple a way as possible.
Duplications, inaccuracies, and inconsistencies
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may have arisen in cross-disciplinary use of terms,
but hopefully we provide a useful platform that
aids uptake and implementation of geomorphic
principles in river rehabilitation practice.
Although this book has an unashamedly
Australian flavor, we have endeavored to write it
from a global perspective. We convey our apolo-
gies, in advance, to those readers to whom this

book bears little semblance of reality in terms of
the types of rivers you live and/or work with.
However, we hope that the principles presented
here bear relevance to the management issues that
you face, and that the book provides useful guid-
ance in the development of core understanding
that is required if management activities are to
yield sustainable outcomes.
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CHAPTER 1

Introduction

Society’s ability to maintain and restore the integrity of aquatic ecosystems requires that
conservation and management actions be firmly grounded in scientific understanding.

1.1 Concern forriver health

Rivers are a much-cherished feature of the natural
world. They perform countless vital functions in
both societal and ecosystem terms, including per-
sonal water consumption, health and sanitation
needs, agricultural, navigational, and industrial
uses, and various aesthetic, cultural, spiritual, and
recreational associations. In many parts of the
world, human-induced degradation has profound-
ly altered the natural functioning of river systems.
Sustained abuse has resulted in significant alarm
forriver health, defined as the ability of a river and
its associated ecosystem to perform its natural
functions. In a sense, river health is a measure of
catchment health, which in turn provides an indi-
cation of environmental and societal health. It is
increasingly recognized that ecosystem health is
integral to human health and unless healthy rivers
are maintained through ecologically sustainable
practices, societal, cultural, and economic values
are threatened and potentially compromised.
Viewed in this way, our efforts to sustain healthy,
living rivers provide a measure of societal health
and our governance of the planet on which we live.
Itis scarcely surprising that concerns for river con-
dition have been at the forefront of conservation
and environmental movements across much of the
planet.

In the past, the quest for security and stability
tomeet human needs largely overlooked the needs
of aquatic ecosystems. In many instances, human
activities brought about a suite of unintended
and largely unconsidered impacts on river health,
compromising the natural variability of rivers,
their structural integrity and complexity, and
the maintenance of functioning aquatic ecosys-

LeRoy Poff, etal., 1997, p. 769

tems. Issues such as habitat loss, degradation,
and fragmentation have resulted in significant
concerns for ecological integrity, sustainability,
and ecosystem health. As awareness and under-
standing of these issues has improved, society no
longer has an excuse not to address concerns
brought about by the impacts of human activities
on river systems. Shifts in environmental atti-
tudes and practice have transformed outlooks
and actions towards revival of aquatic ecosystems.
Increasingly, management activities work in
harmony with natural processes in an emerg-
ing “age of repair,” in which contemporary
management strategies aim to enhance fluvial
environments either by returning rivers, to some
degree, to their former character, or by establishing
a new, yet functional environment. Notable
improvements to river health have been achieved
across much of the industrialized world in
recent decades. However, significant community
and political concern remains over issues such
as flow regulation, algal blooms, salinity, loss
of habitat and species diversity, erosion and
sedimentation problems, and water resource
overallocation.

Rivers demonstrate a remarkable diversity of
landform patterns, as shown in Figure 1.1. Each of
therivers shown hasadistinct set of landforms and
its own behavioral regime. Some rivers have sig-
nificant capacity to adjust their form (e.g., the me-
andering, anastomosing, and braided river types),
while others have a relatively simple geomorphic
structure and limited capacity to adjust (e.g., the
chain-of-ponds and gorge river types). This vari-
ability in geomorphic structure and capacity to ad-
just, which reflects the array of landscape settings
in which these rivers are found, presents signifi-



2 Chapter 1

Figure1.1 The diversity of river morphology

Rivers are characterized by a continuum of morphological diversity, ranging from bedrock controlled variants such as
(a) gorges (with imposed sets of landforms), to fully alluvial, self-adjusting rivers such as (c) braided and (d) meandering
variants (with various midchannel, bank-attached and floodplain features). Other variants include multichanneled
anastomosing rivers that form in wide, low relief plains (e), and rivers with discontinuous floodplain pockets in
partly-confined valleys (b). In some settings, channels are discontinuous or absent, as exemplified by chain-of-ponds
(f). Each river type has a different capacity to adjust its position on the valley floor. (a) Upper Shoalhaven catchment,
New South Wales, Australia, (b) Clarence River, New South Wales, Australia, (c) Rakaia River, New Zealand, (d)
British Columbia, Canada, (¢) Cooper Creek, central Australia, and (f) Murrumbateman Creek, New South Wales,
Australia.
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cant diversity in the physical template atop which
ecological associations have evolved.

Developing a meaningful framework to recog-
nize, understand, document, and maintain this
geodiversity is a core theme of this book. Working
within a conservation ethos, emphasisis placed on
the need to maintain the inherent diversity of
riverscapes and their associated ecological values.
Adhering to the precautionary principle, the high-
est priority in management efforts is placed on

looking after good condition remnants of river
courses, and seeking to sustain rare or unique
reaches of river regardless of their condition.

Just as there is remarkable diversity of river
forms and processes in the natural world, so
human-induced disturbance to rivers is equally
variable (see Figure 1.2). Many of these actions
have been intentional, such as dam construction,
channelization, urbanization, and gravel or sand
extraction. Far more pervasive, however, have

Figure1.2 Human modifications to river courses
Human modifications to rivers include (a) dams (Itaipu Dam, Brazil), (b) channelization (Ishikari River, Japan), (c)
urban stream (Cessnock, New South Wales, Australia), (d) native and exotic vegetation removal (Busby’s Creek,

Tasmania, Australia), () gravel and sand extraction (Nambucca River, New South Wales, Australia), and (f) mine
effluent (King River, Tasmania, Australia).
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been inadvertent changes brought about through
adjustments to flow and sediment transfer regimes
associated with land-use changes, clearance of ri-
parian vegetation, etc. Across much of the planet,
remarkably few river systems even approximate
their pristine condition. Most rivers now operate
as part of highly modified landscapes in which
human activities are dominant.

The innate diversity of river courses is a source
of inspiration, but it presents many perplexing
challenges in the design and implementation of
sustainable management practices. Unless man-
agement programs respect the inherent diversity
of the natural world, are based on an understanding
of controls on the nature and rate of landscape
change, and consider how alterations to one part
of an ecosystem affect other parts of that system,
efforts to improve environmental condition are
likely to be compromised. River management pro-
grams that work with natural processes will likely
yield the most effective outcomes, in environmen-
tal, societal, and economic terms. Striving to meet
these challenges, truly multifunctional, holistic,
catchment-scale river management programs
have emerged in recent decades (e.g., Gardiner,
1988; Newson, 1992a; Hillman and Brierley, in
press). Procedures outlined in this book can be
used to determine realistic goals for river restora-
tion and rehabilitation programs, recognizing the
constraints imposed by the nature and condition of
river systems and the cultural, institutional, and
legal frameworks within which these practices
must be applied.

1.2 Geomorphic perspectives on ecosystem
approaches to river management

Rivers are continuously changing ecosystems that
interact with the surrounding atmosphere (climat-
ic and hydrological factors), biosphere (biotic fac-
tors), and earth (terrestrial or geological factors).
Increasing recognition that ecosystems are open,
nondeterministic, heterogeneous, and often in
nonequilibrium states, is prompting a shift in
management away from maintaining stable sys-
tems for particular species to a whole-of-system
approach which emphasizes diversity and flux
across temporal and spatial scales (Rogers, 2002).
Working within an ecosystem approach to natural

resources management, river rehabilitation pro-
grams apply multidisciplinary thinking to address
concerns for biodiversity and ecosystem integrity
(Sparks, 1995). Inevitably, the ultimate goals of
these applications are guided by attempts to bal-
ance social, economic, and environmental needs,
and they are constrained by the existing hydrologi-
cal, water quality, and sediment transport regimes
of any given system (Petts, 1996). Ultimately, how-
ever, biophysical considerations constrain what
can be achieved in river management. If river
structure and function are undermined, such that
the ecological integrity of a river is compromised,
what is left? River rehabilitation programs framed
in terms of ecological integrity must build on prin-
ciples of landscape ecology. The landscape con-
text, manifest through the geomorphic structure
and function of river systems, provides a coherent
template upon which these aspirations must be
grounded. The challenge presented to geomor-
phologists is to construct a framework with which
to meaningfully describe, explain, and predict the
character and behavior of aquatic ecosystems.

Biological integrity refers to a system’s whole-
ness, including presence of all appropriate biotic
elements and occurrence of all processes and inter-
actions atappropriate scales and rates (Angermeier
and Karr, 1994). This records a system’s ability
to generate and maintain adaptive biotic ele-
ments through natural evolutionary processes.
Ecosystem integrity requires the maintenance of
both physico-chemical and biological integrity,
maintaining an appropriate level of connectivity
between hydrological, geomorphic, and biotic
processes. While loss of biological diversity is tra-
gic, loss of biological integrity includes loss of di-
versity and breakdown in the processes necessary
to generate future diversity (Angermeier and Karr,
1994). Endeavors to protect ecological integrity re-
quire increased reliance on preventive rather than
reactive management, and a focus on landscapes
rather than populations.

Inriparian landscapes, aquatic, amphibious, and
terrestrial species have adapted to a shifting mosa-
ic of habitats, exploiting the heterogeneity that
results from natural disturbance regimes (Junk
et al., 1989; Petts and Amoros, 1996; Naiman and
Decamps, 1997; Ward et al., 2002). This mosaic in-
cludes surface waters, alluvial aquifers, riparian
vegetation associations, and geomorphic features
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(Tockner et al., 2002). Because different organisms
have different movement capacities and different
habitat ranges, their responses to landscape het-
erogeneity differ (Wiens, 2002). Fish diversity, for
example, may peak in highly connected habitats,
whereas amphibian diversity tends to be highestin
habitats with low connectivity (Tockner et al.,
1998). Other groups attain maximum species rich-
ness between these two extremes. The resulting
pattern is a series of overlapping species diversity
peaks along the connectivity gradient (Ward et al.,
2002). Given the mutual interactions among
species at differing levels in the food chain, ecosys-
tem functioning reflects the range of habitats in
any one setting and their connectivity.

Landscape ecology examines the influence of
spatial pattern on ecological processes, consider-
ing the ecological consequences of where things
are located in space, where they are relative to
other things, and how these relationships and their
consequences are contingent on the characteris-
tics of the surrounding landscape mosaic. The pat-
tern of a landscape is derived from its composition
(the kinds of elements it contains), its structure
(how they are arranged in space), and its behavior
(how it adjusts over time; Wiens, 2002). A land-
scape approach to analysis of aquatic ecosystems
offers an appropriate framework to elucidate the
links between pattern and process across scales,
to integrate spatial and temporal phenomena, to
quantify fluxes of matter and energy across envi-
ronmental gradients, to study complex phenome-
na such as succession, connectivity, biodiversity,
and disturbance, and to link research with man-
agement (Townsend, 1996; Tockner et al., 2002;
Ward et al., 2002; Wiens, 2002).

Principles from fluvial geomorphology provide a
physical template with which to ground landscape
perspectives that underpin the ecological integrity
of river systems. Although landscape forms and
processes, in themselves, cannot address all con-
cerns for ecological sustainability and biodiversity
management, these concerns cannot be meaning-
fully managed independent from geomorphologi-
cal considerations. Working from the premise that
concerns for ecological integrity are the corner-
stone of river management practice, and that land-
scape considerations underpin these endeavors,
interpretation of the diversity, patterns, and
changing nature of river character and behavior

across a catchment is integral to proactive river
management. This book outlines a generic set of
procedures by which this understanding can be
achieved.

Rehabilitation activities must be realistically
achievable. Most riverscapes have deviated some
way from their pristine, predisturbance condition.
Hence, practical management must appraise what
is the best that can be achieved to improve the
health of a system, given the prevailing boundary
conditions under which it operates. In instances
where human changes to river ecosystems are irre-
versible or only partially reversible, a pragmatic
definition of ecological integrity refers to the
maintenance of a best achievable condition that
contains the community structure and function
that is characteristic of a particular locale, or a
condition that is deemed satisfactory to society
(Cairns, 1995). Specification of the goals of river
management, in general, and river restoration, in
particular, has provoked considerable discussion,
as highlighted in the following section.

1.3 Whatisriverrestoration?

The nature and extent of river responses to human
disturbance, and the future trajectory of change,
constrain what can realistically be achieved in
river management (Figure 1.3; Boon, 1992). At one
extreme, conservation goals reflect the desire to
preserve remnants of natural or near-intact sys-
tems. Far more common, however, are endeavors
to rectify and repair some (or all) of the damage to
river ecosystems brought about by human activi-
ties. Various terms used to describe these goals and
activities can be summarized using the umbrella
term “restoration.”

Restoration means different things to different
people, the specific details of which may promote
considerable debate and frustration (Hobbs and
Norton, 1996). Although the term has been applied
to a wide range of management processes/activi-
ties, its precise meaning entails the uptake of
measures to return the structure and function of a
system to a previous state (an unimpaired, pris-
tine, or healthy condition), such that previous
attributes and/or values are regained (Bradshaw,
1996; Higgs, 2003). In general, reference is made to
predisturbance functions and related physical,
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Rehabilitation

Improvement in condition

chemical, and biological characteristics (e.g.,
Cairns, 1991; Jackson et al., 1995; Middleton,
1999).

The few studies that have documented geomor-
phic attributes of relatively intact or notionally
pristine rivers (e.g.,, Collins and Montgomery,
2001; Brooks and Brierley, 2002), and countless
studies that have provided detailed reconstruc-
tions of river evolution over timescales of decades,
centuries, or longer, indicate just how profound
human-induced changes to river forms and
processes have been across most of the planet. It is
important to remember the nonrepresentative na-
ture of the quirks of history that have avoided the
profound imprint of human disturbance. Intact
reaches typically lie in relatively inaccessible
areas. They are seldom representative of the areas
in which management efforts aim to improve river
health. However, it is in these reaches, and
adjacent good condition reaches, that efforts at
restoration can meaningfully endeavor to attain
something akin to the pure definition of the word.

Viewed in a more general sense, restoration
refers to a management process that provides a
means to communicate notions of ecosystem re-
covery (Higgs, 2003). For example, the Society for
Ecological Restoration (SERI, 2002) state that

Figure1.3 Framing realistic management
options — what can be realistically achieved?
Determination of river rehabilitation goals is
constrained primarily by what it is realistically
possible to achieve. This reflects system
responses to human disturbance, the prevailing
set of boundary conditions, and the likely future
trajectory of change (as determined by limiting
factors and pressures operating within the
catchment and societal goals). Maintenance of
an intact condition is a conservation goal. If a
return to a predisturbance state is possible and
desirable, rehabilitation activities can apply
recovery principles to work towards a
restoration goal. In many instances, adoption of
a creation goal, which refers to anew condition
that previously did not exist at the site, is the
only realistic option.

restoration refers to the process of assisting the re-
covery of an ecosystem that has been degraded,
damaged, or destroyed. The notion of recovery de-
scribes the process of bringing something back.
Endeavors that assist a system to adjust towards
aless stressed state, such that there is an improve-
ment in condition, are more accurately referred to
as river rehabilitation. Rehabilitation can mean
the process of returning to a previous condition or
status along a restoration pathway, or creation of a
new ecosystem that previously did not exist (Fryirs
and Brierley, 2000; Figure 1.3). In landscapes sub-
jected to profound human disturbance, such as
urban, industrial, or intensively irrigated areas,
management activities inevitably work towards
creation goals. Both restoration and creation goals
require rehabilitation strategies that strive to im-
proveriver condition, applying recovery notions to
work towards the best attainable ecosystem values
given the prevailing boundary conditions. The es-
sential difference between restoration and cre-
ation goals lies in the perspective of regenerating
the “old” or creating a “new” system (Higgs, 2003).
Various other terms have been used to character-
ize practices where the goals are not necessarily
framed in ecosystem terms. For example, reclama-
tion refers to returning a river to a useful or proper
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state, such that it is rescued from an undesirable
condition (Higgs, 2003). In its original sense, recla-
mation referred to making land fit for cultivation,
turning marginal land into productive acreage.
Alternatively, remediation refers to the process of
repairing ecological damage in a manner that does
not focus on ecological integrity and is typically
applied without reference to historical conditions
(Higgs, 2003). Reclamation and remediation are
quick-fix solutions to environmental problems
that address concerns for human values, viewed
separately from their ecosystem context.

The purpose and motivation behind any rehabil-
itation activity are integral to the goal sought.
Specification of conservation, restoration, or cre-
ation goals provides an indication of the level and
type of intervention that is required to improve
riverine environments.

1.4 Determination of realistic goals in river
rehabilitation practice

The process of river rehabilitation begins with a
judgment that an ecosystem damaged by human
activities will not regain its former characteristic
properties in the near term, and that continued
degradation may occur (Jackson et al., 1995).
Approaches to repair river systems may focus on
rehabilitating “products” (species or ecosystems)
directly, or on “processes” which generate the de-
sired products (Neimi et al., 1990; Richards et al.,
2002). However, unless activities emphasize
concerns for the rehabilitation of fundamental
processes by which ecosystems work, notions of
ecosystem integrity and related measures of biodi-
versity may be compromised (Cairns, 1988).

The goal of increasing heterogeneity across the
spectrum of river diversity represents a flawed per-
ception of ecological diversity and integrity. In
some cases, the “natural” range of habitat struc-
ture may be very simple. Hence, heterogeneity or
geomorphic complexity does not provide an appro-
priate measure of river health (see Fairweather,
1999). Simplistic goals framed in expressions such
as “more is better” should be avoided (Richards et
al., 2002). Use of integrity as a primary manage-
ment goal avoids the pitfalls associated with
assumptions that greater diversity or productiv-
ity is preferred.

Unlike many biotic characteristics, physical
habitat is directly amenable to management
through implementation of rehabilitation pro-
grams (Jacobson et al., 2001). Hence, many man-
agement initiatives focus on physical habitat
creation and maintenance, recognizing that
geomorphic river structure and function and
vegetation associations must be appropriately
reconstructed before sympathetic rehabilitation
of riverine ecology will occur (Newbury and
Gaboury, 1993; Barinaga, 1996). Getting the geo-
morphological structure of rivers right maximizes
the ecological potential of a reach, in the hope that
improvements in biological integrity will follow
(i.e., the “field of dreams” hypothesis; Palmer et
al., 1997). The simplest procedure with which to
determine a suitable geomorphic structure and
function is to replicate the natural character of
“healthy” rivers of the same “type,” analyzed in
equivalent landscape settings.

In any management endeavor, it is imperative to
identify, justify, and communicate underlying
goals, ensuring that the tasks and plan of action are
visionary yet attainable. Although setting goals for
rehabilitationis one of the most important stepsin
designing and implementing a project, it is often
either overlooked entirely or not done very well
(Hobbs, 2003). Success can only be measured if a
definitive sense is provided of what it will look
like. Unfortunately, however, there is a tendency
to jump straight to the “doing” part of a project
without clearly articulating the reasons why
things are being done and what the outcome
should be (Hobbs, 1994, 2003).

While sophisticated methodologies and tech-
niques have arisen in the rapidly growing field of
rehabilitation management, the conceptual foun-
dations of much of this work remain vague
(Ebersole et al., 1997). The pressure of timeframes,
tangible results, and political objectives has lead
to a preponderance of short-term, transitory re-
habilitation projects that ignore the underlying
capacities and developmental histories of the
systems under consideration, and seldom place
the study/treatment reach in its catchment con-
text (Ebersole et al.,, 1997; Lake, 2001a, b).
Unfortunately, many of these small-scale aquatic
habitat enhancement projects have failed, or have
proven to be ineffective (e.g., Frissell and Nawa,
1992).
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Ensuring that goals are both explicit enough to
be meaningful and realistic enough to be achiev-
able is a key to the development of successful pro-
jects. Ideally, goals are decided inclusively, so that
everyone with an interest in the outcomes of the
project agrees with them (Hobbs, 2003). Scoping
the future and generating a realistic vision of the
desired river system are critical components of the
planning process. The vision should be set over a
50 year timeframe (i.e., 1-2 generations; Jackson et
al., 1995), such that ownership of outcomes can be
achieved. A vision must be based on the best avail-
able information on the character, behavior, and
evolution of the system, providing a basis to inter-
pret the condition and trajectory of change from
which desired future conditions can be established
(Brierley and Fryirs, 2001). These concepts must be
tied to analysis of biophysical linkages across a
range of scales, enabling off-site impacts and
lagged responses to disturbance events and/or re-
habilitation treatments to be appraised (Boon,
1998).

To maximize effectiveness, rehabilitation ef-
forts should incorporate spatiotemporal scales
that are large enough to maintain the full range
of habitats and biophysical linkages necessary for
the biota to persist under the expected distur-
bance regime or prevailing boundary conditions.
Although emphasis may be placed on a particular
component or attribute, ultimate aims of long-
term projects should focus on the whole system at
the catchment scale (Bradshaw, 1996). Desired
conditions for each reach should be specified as
conservation, restoration, or creation goals, indi-
cating how they fit within the overall catchment
vision. Appropriate reference conditions should be
specified for each reach.

Defining what is “natural” for a given type of
river that operates under a certain set of prevailing
boundary conditions provides an important step in
identification of appropriate reference conditions
against which to measure the geoecological in-
tegrity of a system and toidentify target conditions
forriverrehabilitation. A “natural” riveris defined
here as “a dynamically adjusting system that be-
haves within a given range of variability that is
appropriate for the river type and the boundary
conditions under which it operates.” Within this
definition, two points of clarification are worth
noting. First, a “natural” condition displays the

full range of expected or appropriate structures and
processes for that type of river under prevailing
catchment boundary conditions. This does not
necessarily equate to a predisturbance state, as
human impacts may have altered the nature, rate,
and extent of river adjustments (Cairns, 1989).
Second, a dynamically adjusted reach does not nec-
essarily equate to an equilibrium state. Rather, the
river adjusts to disturbance via flow, sediment, and
vegetation interactions that fall within the natural
range of variability that is deemed appropriate for
the type of river under investigation.

Determination of appropriate reference condi-
tions, whether a fixed historical point in time or
a suite of geoecological conditions, represents a
critical challenge in rehabilitation practice (Higgs,
2003). Systems in pristine condition serve as a
point of reference rather than a prospective goal for
river rehabilitation projects, although attributes of
this ideal condition may be helpful in rehabilita-
tion design. Identification of reference conditions
aids interpretation of the rehabilitation potential
of sites, thereby providing a basis to measure the
success of rehabilitation activities.

Reference conditions can be determined on the
basis of historical data (paleo-references), data de-
rived from actual situations elsewhere, knowledge
about system structure and functioning in general
(theoretical insights), or a combination of these
sources (Petts and Amoros, 1996; Jungwirth et al.,
2002; Leuven and Poudevigne, 2002). The morpho-
logical configuration and functional attributes of a
reference reach must be compatible with prevail-
ing biophysical fluxes, such that they closely
equate to a “natural” condition for the river type.
Ideally, reference reaches are located in a similar
position in the catchment and have near equiva-
lent channel gradient, hydraulic, and hydrologic
conditions (Kondolf and Downs, 1996).
Unfortunately, it is often difficult to find appropri-
ate reference conditions for many types of river,
as “natural” or minimally impacted reaches no
longer exist (Henry and Amoros, 1995; Ward et al.,
2001). In the absence of good condition remnants,
reference conditions can be constructed from his-
torical inferences drawn from evolutionary se-
quences that indicate how ariver has adjusted over
an interval of time during which boundary condi-
tions have remained relatively uniform. Selection
of the most appropriate reference condition is situ-
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ated within this sequence. Alternatively, a suite of
desirability criteria derived for each type of river
can be used to define a natural reference condition
against which to compare other reaches (Fryirs,
2003). These criteria must encapsulate the forms
and processes that are “expected” or “appropriate”
for the river type. They draw on system-specific
and process-based knowledge, along with findings
from analysis of river history and assessment of
available analogs. This approach provides a guid-
ing image, or Leitbild, of the channel form that
would naturally occur at the site, adjusted to ac-
count for irreversible changes to controlling fac-
tors (such as runoff regime) and for considerations
based on cultural ecology (such as preservation of
existing land uses or creation of habitat for endan-
gered species; Kern, 1992, Jungwirth et al., 2002;
Kondolf et al., 2003). Leitbilds can be used to pro-
vide a reference network of sites of high ecological
status for each river type, as required by the
European Union Water Framework Directive.

1.5 Managingriver recovery processes in river
rehabilitation practice

Exactly what is required in any rehabilitation ini-
tiative will depend on what is wrong. Options may
range from limited intervention and a leave-alone
policy, to mitigation or significant intervention,
depending on how far desired outcomes are from
the present condition. In some instances, sensi-
tive, critical, or refuge habitats, and the stressors
or constraints that limit desirable habitat, must
be identified, and efforts made to relieve these
stressors or constraints (Ebersole et al., 1997).
Controlling factors that will not ameliorate natu-
rally must be identified, and addressed first.
Elsewhere, rehabilitation may involve the reduc-
tion, if not elimination, of biota such as successful
invaders, in the hope of favoring native biota
(Bradshaw, 1996). For a multitude of reasons, rang-
ing from notions of naturalness that strive to pre-
serve “wilderness,” to abject frustration at the
inordinate cost and limited likelihood of success
in adopted measures (sometimes referred to as bas-
ket cases, or “raising the Titanic”; Rutherfurd
etal., 1999), it is sometimes advisable to pursue a
passive approach to rehabilitation. This strategy,
oftenreferred to as the “donothingoption,” allows

the river to self-adjust (cf., Hooke, 1999; Fryirs and
Brierley, 2000; Parsons and Gilvear, 2002; Simon
and Darby, 2002). Although these measures entail
minimal intervention and cost, managers have
negligible control over the characteristics and
functioning of habitats (Jacobson et al., 2001).

In general terms, however, most contemporary
approaches to river rehabilitation endeavor to
“heal” river systems by enhancing natural recov-
ery processes (Gore, 1985). Assessment of geomor-
phic river recovery is a predictive process that is
based on the trajectory of change of a system in re-
sponse to disturbance events. Recovery enhance-
ment involves directing reach development along
a desired trajectory toimprove its geomorphic con-
dition over a 50-100 year timeframe (Hobbs and
Norton, 1996; Fryirs and Brierley 2000; Brierley
et al., 2002). To achieve this goal, river rehabilita-
tion activities must build on an understanding of
the stage and direction of river degradation and/or
recovery, determining whether the geomorphic
condition of the river is improving, or continuing
to deteriorate.

Assessment of geomorphic river condition
measures whether the processes that shape river
morphology are appropriate for the given setting,
such that deviations from an expected set of attrib-
utes can be appraised (Figure 1.4; Kondolf and
Larson, 1995; Maddock, 1999). Key consideration
must be given to whether changes to the boundary
conditions under which the river operates have
brought about irreversible changes to river struc-
ture and function (Fryirs, 2003). Identification
of good condition reaches provides a basis for
their conservation. Elsewhere, critical forms and
processes may be missing, accelerated, or anom-
alous, impacting on measures of geoecological
functioning.

Understanding of geomorphic processes and
their direction of change underpins rehabilitation
strategies that embrace a philosophy of recovery
enhancement (Gore, 1985; Heede and Rinne, 1990;
Milner, 1994). Helping a river to help itself pres-
ents an appealing strategy for river rehabilitation
activities because they cost nothing in themselves
(although they may cost something to initiate),
they are likely to be self-sustaining because they
originate from within nature (although they may
need nurturing in some situations), and they can
be applied on alarge scale (Bradshaw, 1996). Design
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Increasing heterogeneity
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> = improved condition
Good

Increasing heterogeneity

> does not = improved condition

Figure1.4 Habitat diversity for good, moderate, and poor condition variants of the same river type

Natural or expected character and behavior varies for differing types of river. Some may be relatively complex, others
are relatively simple. Natural species adaptations have adapted to these conditions. Assessments of geomorphic river
condition must take this into account, determining whether rehabilitation activities should increase (a) or decrease (b)
the geomorphic heterogeneity of the type of river under investigation. Increasing geomorphic heterogeneity is not an
appropriate goal for all types of river, and may have undesirable ecological outcomes. More appropriate strategies work

with natural diversity and river change.

and implementation of appropriate monitoring
procedures are integral in gauging the success of
these strategies.

The process of river rehabilitation is a learning
experience that requires ongoing and effective
monitoring in order to evaluate and respond to
findings. Measuring success must include the pos-
sibility of measuring failure, enabling midcourse
corrections, or even complete changes in direction
(Hobbs, 2003). If effectively documented, each
project can be considered as an experiment, so that
failure can be just as valuable to science as success,
provided lessons are learnt. Goals or performance
targets must be related to ecological outcomes and
be measurable in terms such as increases in health
indicators (e.g., increasing similarity of species or

structure with the reference community), or de-
creases in indicators of degradation (e.g., active
erosion, salinity extent or impact, nonnative plant
cover). The choice of parameters to be monitored
must go hand in hand with the setting of goals, en-
suring that they are relevant to the type of river
under consideration, so that changes in condition
can be meaningfully captured. Baseline data are re-
quired to evaluate changes induced by the project,
including a detailed historical study (Downs and
Kondolf, 2002). Monitoring should be applied over
an extensive period, at least a decade, with surveys
conducted after each flood above a predetermined
threshold (Kondolf and Micheli, 1995). These vari-
ous components are integral parts of effective river
rehabilitation practice.
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1.6 Overview of the River Styles framework

Best practice in natural resources management re-
quires appropriate understanding of the resource
that is being managed, and effective use of the
best available information. In river management
terms, catchment-scale information on the char-
acter, behavior, distribution, and condition of
different river types is required if management
strategies are to “work with nature.” Given that
rivers demonstrate remarkably different charac-
ter, behavior, and evolutionary traits, both
between- and within-catchments, individual
catchments need to be managed in a flexible man-
ner, recognizing what forms and processes occur
where, why, how often, and how these processes
have changed over time. The key challenge is to
understand why rivers are the way they are, how
they have changed, and how they are likely to look
and behave in the future. Such insights are funda-
mental to our efforts at rehabilitation, guiding
what can be achieved and the best way to get there.

This book presents a coherent set of procedural
guidelines, termed the River Styles framework,
with which to document the geomorphic struc-
ture and function of rivers, and appraise patterns of
river types and their biophysical linkages in a
catchment context. Meaningful and effective de-
scription of river character and behavior are tied to
explanation of controls on why rivers are the way
they are, how they have evolved, and the causes of
change. These insights are used to predict likely
river futures, framed in terms of the contemporary
condition, evolution, and recovery potential of any
given reach, and understanding of its trajectory of
change (Figure 1.5).

The River Styles framework is a rigorous yet
flexible scheme with which to structure observa-
tions and interpretations of geomorphic forms and
processes. A structured basis of enquiry is applied
to develop a catchment-wide package of physical
information with which to frame management ac-
tivities (Figure 1.6). This package guides insights
into the type of river character and behavior that is
expected for any given field setting and the type of
adjustments that may be experienced by that type
of river. A catchment-framed nested hierarchical
arrangement is used to analyze landscapes in
terms of their constituent parts. Reach-scale forms
and processes are viewed in context of catchment-

What does it How does it
look like? behave?
Description
Why does it What controls
look the way system
it does? behavior?
Explanation
What is the If we change
system going X, Y, z how is the
to look like in system likely to
the future? respond?
Prediction

Figure1.5 Routes to description, explanation, and
prediction

scale patterns and rates of biophysical fluxes.
Separate layers of information are derived to ap-
praise river character and behavior, geomorphic
condition, and recovery. Definition of ongoing ad-
justments around a characteristic state(s) enables
differentiation of the behavioral regime of a given
river type from river change. Analysis of system
evolution is undertaken to appraise geomorphic
river condition in context of “expected attributes”
of river character and behavior given the reach set-
ting. Interpretation of catchment-specific linkages
of biophysical processes provides a basis with
which to assess likely future patterns of adjust-
ment and the geomorphic recovery potential of
each reach. The capacity, type, and rate of recovery
response of any given type of river are dependent
on the nature and extent of disturbance, the inher-
ent sensitivity of the river type, and the operation
of biophysical fluxes (both now and into the future)
atany given pointin the landscape. When these no-
tions are combined with interpretations of limit-
ingfactors torecovery and appraisal of ongoing and
likely future pressures that will shape river forms
and processes, a basis is provided to assess likely
future river condition, identify sensitive reaches
and associated off-site impacts, and determine the
degree/rate of propagating impacts throughout a
catchment.

The strategy outlined in this book emphasizes
the need to understand individual systems, their
idiosyncrasies of forms and processes, and evolu-
tionary traits and biophysical linkages, as abasis to
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STAGE ONE: Catchmentwide baseline survey of river character and behavior

[

condition

STAGE TWO: Catchment-framed assessment of river evolution and geomorphic river

1

recovery potential

STAGE THREE: Assessment of the future trajectory of change and geomorphic river

[

efforts

STAGE FOUR: River management applications and implications: Catchment based
vision building, identification of target conditions, and prioritization of management

Figure1.6 Stages of the River Styles
framework

determine options for management — in planning,
policy, and design terms. System configuration
and history ensure that each catchment is unique.
In making inferences from system-specific infor-
mation, cross-reference is made to theoretical and
empirical relationships to explain system behav-
ior and predict likely future conditions. Principles
outlined in this book provide a conceptual tool
with which toread and interpret landscapes, rather
than a quantitative approach to analysis of river
forms and processes. Application of these proce-
dures provides the groundwork for more detailed
site- or reach-specific investigations.

However, application of geomorphic principles
in the determination of sustainable river manage-
ment practices is far from a simple task. The need
for system-specific knowledge and appropriate
skills with which to interpret river evolution and
the changing nature of biophysical linkages (and
their consequences) ensure that such exercises
cannot be meaningfully undertaken using a pre-
scriptive cook-book approach. The cautious, data
intensive measures applied in this book are con-
sidered to present a far better perspective than
managing rivers to some norm! Hopefully, lessons
have been learnt from the homogenization of river
courses under former management regimes.

Management applications of the River Styles
framework focus on the derivation of a catchment-
scale vision for conservation and rehabilitation,
identification of reach-specific target conditions
that fit into the bigger-picture vision, and applica-
tion of a geomorphologically based prioritization
procedure which outlines the sequencing of ac-
tions that best underpins the likelihood of man-
agement success. The framework does not provide
direct guidance intoriverrehabilitation design and

selection of the most appropriate technique.
Rather, emphasis is placed on the need to appraise
each field situation separately, viewed within its
catchment context and evolutionary history. The
underlying catchery in applications of the River
Styles framework is “KNOW YOUR CATCH-
MENT.”

1.7 Layoutand structure of the book

This book comprises four parts (Figure 1.7). Part A
outlines the geoecological basis for river manage-
ment. Chapter 2 documents the use of geomor-
phology as a physical template for integrating
biophysical processes, working with linkages of
biophysical processes within a catchment frame-
work, and the need to respect diversity (work with
nature). Chapter 3 outlines how geomorphic prin-
ciples provide a basis for river management pro-
grams to work with change through understanding
of controls on river character and behavior and pre-
diction of likely future adjustments.

Geomorphic principles that underpin applica-
tions of the River Styles framework are document-
ed in Part B. Pertinent literature is reviewed to
assess river character (Chapter 4), interpret river
behavior (Chapter 5), analyze river evolution and
change (Chapter 6), and appraise river responses to
human disturbance (Chapter 7).

The River Styles framework is presented in Part
C. An overview of the framework in Chapter 8 is
followed by a brief summary of practical and logis-
tical issues that should be resolved prior to its
application. Chapter 9 presents the step-by-step
procedure used to classify and interpret river char-
acter and behavior in Stage One of the framework.
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Procedures used to assess geomorphic condition of
rivers in Stage Two of the framework are presented
in Chapter 10. Evolutionary insights are used to in-
terpret the future trajectory and recovery potential
of rivers in Stage Three of the framework (Chapter
11). Finally, Chapter 12 outlines Stage Four of the
River Styles framework, which can be used to de-
velop catchment-framed visions for management,

identify target conditions for river rehabilitation,
and prioritize where conservation and rehabilita-
tion should take place.

The concluding chapter, in Part D, outlines an
optimistic (aspirational) perspective on future
river management practices and outcomes
(Chapter 13).



PART A

The geoecological basis of
river management

(A)n understanding of the nature of the building blocks that compose a particular landscape is
fundamental to understanding how geomorphological processes function as ecological
disturbance processes at the watershed or landscape scale.

Overview of PartA

This part demonstrates how principles from
fluvial geomorphology can be used to develop an
ecosystem approach to river analysis and manage-
ment. In Chapter 2, spatial considerations in geo-
morphology and management practice are framed
in terms of anested hierarchical approach to catch-
ment characterization. Principles from fluvial geo-
morphology are shown to provide an integrative
physical template with which to assess habitat as-
sociations and linkages of biophysical processes in
landscapes. Finally, the concept of respecting di-
versity isintroduced, indicating why management

Dave Montgomery, 2001, p. 249

strategies should strive to maintain unique or dis-
tinctive attributes of river courses.

Chapter 3 outlines how theoretical and field-
based insights must be combined to meaningfully
describe and explain river systems. These insights
provide a critical platform for our efforts at predic-
tion. Themes discussed in this chapter include
the need for management programs to work with
change, moving beyond notions of equilibrium
and stability used in engineering applications.
Timeframes of river adjustment, assessment of
controls on river character and behavior, and ap-
proaches to prediction are also outlined.






CHAPTER 2

Spatial considerations in aquatic
ecosystem management

The average textbook of fluvial geomorphology devotes equal space to channel-scale
structure, process, and dynamics and to basin-scale structure, process, and dynamics.
Stream ecology has focussed almost exclusively on the former. Abundant tools exist
for a fruitful, creative incursion into the realm of the latter.

2.1 Introduction and chapter structure

The diversity and complexity of biophysical inter-
actions that fashion the structure and function
of aquatic ecosystems present an intriguing and
demanding challenge for river managers. In this
chapter, spatial considerations in the management
of aquatic ecosystems are addressed. Emphasis is
placed on geomorphic principles that underpin
ecological considerations in river rehabilitation
practice.

Application of a nested hierarchical framework
aids the differentiation of scalar components of
river systems (Section 2.2). Research and manage-
ment applications of geoecological insights are
framed in terms of their landscape context in
Section 2.3, where habitat, flow, sediment trans-
fer, and vegetation management considerations
are examined atop a geomorphic template.
Longitudinal, lateral, and vertical dimensions
of biophysical fluxes are outlined in relation to
these considerations in Section 2.4. Finally, the
catchment-specific nature of these relationships
prompts the need to respect diversity in the man-
agement of aquatic ecosystems (Section 2.5).

2.2 Spatialscales of analysis in aquatic geoecology:
Anested hierarchicalapproach

The scale at which observations of the natural
world are made constrains what is seen. A head

Stuart Fisher, 1997, p. 313

bowed over a gravel bar measuring the sizes of peb-
bles provides a very different perspective to that
derived by viewing the landscape from the highest
local point, or an aerial overview. Physical scale
imposes various limitations on system structure
and function. For example, bed material texture in
flume studies does not scale in a linear manner
to channel size, presenting considerable problems
with dimensionality in extrapolating laboratory
findings to field situations. In general, landscape
complexity increases as size increases (Schumm,
1991). For example, while a small subcatchment
may lie within one climatic region, form on one
lithologic unit, and be subjected to one type of
land use, a larger catchment may span climatic,
lithologic, and land-use boundaries, and is thus
more complex. Scalar considerations can also be
appraised in relational terms. For example, a point
bar scales in size relative to its channel, whether
measured for a third-order stream with a catch-
ment area of 50km?, or the trunk stream of the
Amazon.

Relationships between scales, and their signifi-
cance in determining measures of system func-
tioning, vary for differing branches of enquiry. For
example, predation and species—species interac-
tions operate at differing physical scales to geo-
morphicinteractions that shape river morphology.
The challenge for riverine ecologists is to match
the scales of their observations and experiments to
the characteristic scales of the phenomena that
they investigate (Cooper et al., 1998). A coherent
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analytical framework is required to meaningfully
interlink these scales.

Recognition of the controls imposed on small-
scale (and short-term) physical features and
processes in rivers by larger-scale (and longer-
term) factors has led to the development of nested
hierarchical models of physical organization
(Table 2.1, Figure 2.1; Frissell et al., 1986; Naiman
etal., 1992; Poole, 2002). Characteristics that vary
over small spatial and temporal scales are con-
strained by, or nested within, boundaries set by
characteristics that vary over large scales. In gener-
al terms, the larger the scale of analysis, the greater
the level of generality of forms and processes in-
volved. Large-scale attributes are delineated using

large-scale characteristics such as relief and valley
slope, and necessarily include a great deal of varia-
tion in small-scale characteristics such as flow
type and substrate. Different scalar units in the
nested hierarchy are commonly not discrete phys-
ical entities. Rather, they are part of an inordinate-
ly complex continuum in which the dimensions
of units at each scale overlap significantly.
Interaction between units, at each scale and be-
tween scales, determines system character and be-
havior (Ward, 1989; Naiman et al., 1992; Parsons
etal., 2003,2004).

A given parameter may exert a different influ-
ence on system structure and function at different
spatial and temporal intervals (Schumm and

Table 2.1 A nested hierarchy of geoecological associations (modified from Frissell et al., 1986 and Poole, 2002).

Scale Timeframe of
evolutionary
adjustment
Frequency of
disturbance event

Geomorphicinfluence on aquatic ecology

Tectonicinfluences onrelief, slope, and valley width are combined with lithologic and
climatic controls on substrate, flow, and vegetation cover (among other factors) to

determine the boundary conditions within which aquatic ecosystems function.

The nature, rate, and pattern of biophysical fluxes are influenced by catchment
geology, shape, drainage density, tributary—trunk stream interactions, etc.

Vegetation coverindirectly influences river character through its impacts on flow

Landscape units are readily identifiable topographic features with a characteristic
pattern of landforms. The nature, rate, and pattern of biophysical fluxes are

influenced by landscape configuration (i.e., the pattern of landscape units and how
they fittogetherin any given catchment), and the connectivity, linkage, and coupling
of ecological processes. At this scale, the channel, riparian zone, floodplain, and
alluvialaquiferrepresentanintegrated fluvial corridor that is distinct from, but
interacts with, the remaining catchment. Inundation frequency and duration
determine surface elements and their boundaries. Sediment source and water
residence timein the aquifer determine aquifer element boundaries.

Ecoregion 105-10%years
103 months

Catchment 105-10°years
103 months

and sedimentdelivery.

Landscape 103-10%years
unit 102 months

Reach 10'-10%years

10'months

Geomorphicriver structure and function are relatively uniform at the reach scale, as
characterized by particular patterns of channeland/or floodplain landforms and

their linkages. The presence and assemblage of landforms such as backswamps
(wetlands), billabongs, pools, riffles, etc. define differing river reaches. At this scale,
the lotic ecosystem within the fluvial corridoris divided into its distinct components
(channel, floodplain, vegetation, and alluvial aquifer), which are measured and
studied as separate, butinterconnected systems. The character, pattern, and
assemblage of these features exerta majorinfluence on habitat diversity along a
river course. Instream patterns of water, sediment, and vegetation interactions at
this scale shape habitat availability and viability at differing flow stages, including
patterns of water fluxin the alluvialaquifer. Reach-scale dynamics determine
channelgeometry and planform attributes.



Table2.1 Continued

Scale Timeframe of
evolutionary
adjustment
Frequency of
disturbance event

Geomorphicinfluence on aquatic ecology

Geomorphic 10°-10"years
unit 10°months

Hydraulic 107'-10°years
unit 10"*months

Microhabitat 10 '-10°years
10 months

These landform-scale features reflect formative processes that determine river
structure and function. Sediment transport processes at this scale create and
rework bars, bedforms, and particle motions, sustaining ecological dynamics at
equivalent scales. Channeland floodplain features such as pools, riffles, cascades,
bar platforms, benches, levees, and cutoff channels form relatively discrete
functional habitat units which representindividual, but interactive features of the
landscape. For example, different geomorphic units may act as feeding (runs),
resting (backwater), and spawning (gravel bars) sites for fish, such that the reach-
scale assemblage of geomorphic units mayinfluence the composition of fish
assemblages. Alternatively, cutoff channels may supportanumber of breeding,
feeding, and nesting habitats, while floodplain wetlands may be important for
waterfowl, amphibians, reptiles and some mammals. The pattern of geomorphic
units alongariver course also provides a basis to analyze edge effects, and their
associated ecotones.

This scale of feature is determined by (and shapes) flow-sediment interactions that
reflectthe energy distribution along a river course. Ecohydraulic interactions at this
mesohabitat or biotope scale provide the physical context within which patch
dynamics are appraised. These relationships vary markedly with flow stage, acting
as a key determinant of the presence and pattern of refugia (e.g., in poolsand
secondary channels). Hydraulic interactions with particle clusters of differing
caliberand structure provide an array of environments for a variety of benthic
organisms. Substrate size, heterogeneity, frequency of turnover of sediment, and
therates of erosionaland depositional processes are determinants of invertebrate
diversity and abundance. Larger substrate provides insects with a firm surface to
hold onto and provides some protection from the force of the current. At low
discharges avariety of conditions are provided for feeding, breeding and cover,
ranging from slow, deep flow in pools to fast, shallow flow onrriffles. Alternatively,
pools may be all that remains in flow terms, acting as refugia for a myriad of aquatic
species. Athigherdischarges, sheltered areas such as overhanging concave banks
adjacentto pools provide protection from high water velocities, providing cover for
fish.

This scale of feature encompasses individual clasts or elements (e.g., logs, rocks,
gravel patches) within a stream. The boundaries between these features are
determined by changes in substratum type, character, or position. The diversity
within functional habitats is examined by measuring internal structural gradients
and patchiness. This local scale variability in surface roughness, flow hydraulics, or
sediment availability and movement provides the conditions within which certain
types of species assemblage develop. Surface—subsurface flow linkages through
differing substrates fashion hyporheic zone processes and associated biotic
interactions (such as nutrient spiraling). While highly sensitive to disturbance, this
scale of feature and its associated biotic assemblage may recover quickly after
disturbance.
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Figure2.1 A catchment-framed
nested hierarchy of geoecological
interactions

Geoecological interactions can be
considered within a hierarchy
whereby smaller-scale landforms are
nested within physical features at
larger scales. Ecological interactions
operate second-by-second at the
microhabitat scale, as hydraulic
interactions over geomorphic
surfaces shape habitat availability.
The geomorphic unit assemblage
reflects reach scale controls that
determine the distribution of energy
and associated erosional and
depositional forms. These factors, in
turn, are controlled by valley
confinement at the landscape unit
scale. The spatial configuration of
the catchment, represented by the
pattern of landscape units,
determines the distribution of
geomorphic process zones. These
larger-scale considerations set the
boundary conditions within which
rivers operate. The timeframe over
which these interactions occur
varies at differing scales in the
hierarchy. Parts modified from
Thomson et al. (2001) © John Wiley
and Sons Limited. 2004. Reproduced
with permission.
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Lichty, 1965). For example, catchment-scale vege-
tation cover indirectly influences river character
through its impacts on flow and sediment delivery.
However, at thereach scale, vegetation may have a
major role in determining stream boundary condi-
tions and hydraulic resistance, as riparian corri-
dors act as a buffer for flow, sediment, and nutrient
throughput from slopes and adjacent floodplains.
Finally, at the scale of geomorphic units, vegeta-
tion directly influences flow-sediment interac-
tions at differing flow stages.

When used effectively, nested hierarchical
frameworks provide an elegant tool with which to
organize information, thereby presenting a coher-
ent platform for management applications. In the
sections that follow, various aspects of these scalar
components are outlined.

2.2.1 Catchment-scale considerations:
The boundary conditions within which
rivers operate

Catchments, also referred to as drainage basins
or watersheds, are clearly defined topographic and
hydrological entities that have been described
as the fundamental spatial unit of landscapes
(Chorley, 1969) (Figure 2.1; Table 2.1). Catchment-
scale considerations frame the boundary condi-
tions within which rivers operate, constraining
the range of river behavior and associated morpho-
logical attributes. For instance, regional geology
and climate, among other factors, determine
topography, sediment transport regime, and the
discharge regime. These factors, in turn, influence
patterns and rates of flow—sediment interaction
through controls on the distribution of available
energy.

In this book, catchment-scale boundary condi-
tions are differentiated into two forms. First,
imposed boundary conditions are considered to
determine the relief, slope, and valley morphology
(width and shape) within which rivers adjust. In a
sense, these factors influence the potential energy
of a landscape. They also constrain the way that
energy is used, through their control on valley
width and hence the concentration (or dissipation)
of flow energy. Imposed boundary conditions ef-
fectively dictate the pattern of landscape units,
thereby determining the valley setting within
which ariver adjusts.

Second, catchment-scale controls influence
river character and behavior through the operation
of flux boundary conditions, in particular the flow
and sediment transfer regimes. Catchment-scale
controls on the flow regime are determined largely
by the climate setting. Stark contrasts in discharge
regime are evident in arid, humid-temperate, trop-
ical, Mediterranean, monsoonal and other climate
settings, marking the differentiation of perennial
and ephemeral systems, among many things.
Climate also imposes critical constraints on
magnitude—frequency relationships of flood
events, and the effectiveness of extreme events
(e.g., Wolman and Gerson, 1978). Secondary con-
trols exerted by climatic influences at the catch-
ment scale are manifest through effects on
vegetation cover and associated rates of runoff and
sediment yield in different environmental set-
tings. Given their core influence on sediment pro-
duction and fluxes, geological and climatic
imprints are key considerations in determination
of geomorphological provinces and ecoregions
(Table 2.1).

Imposed and flux boundary conditions are ap-
praised at the catchment scale. This entails
analysis of factors such aslandscape configuration,
geology, catchment shape, drainage network,
drainage density, tributary-trunk stream relation-
ships, geographic location (connectivity and up-
stream—downstream relations), and landscape
history. For example, catchment shape may exerta
major influence on the pattern and rate of water
and sediment fluxes. Factors that influence catch-
ment shape include the history of uplift, the degree
of landscape dissection, and the distribution of
differing lithologies in a region. These boundary
conditions, tied to long-term geological history,
influence the shape of drainage networks and
drainage density, thereby influencing within-
system connectivity and the operation of biophys-
ical fluxes (Figure 2.2). For example, catchment
shape determines the relative size and frequency
with which tributary streams join the trunk
stream (among many factors). In elongate catch-
ments, lower-order streams systematically and re-
currently join the trunk stream (see Figure 2.2a).
Progressive downstream increases in flow and rel-
atively uniform increases in sediment loading
(other things being equal) enable the trunk stream
to maintain its capacity to transport its load. In
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Figure 2.2 The influence of catchment shape on tributary—trunk stream relationships and storm hydrographs
Catchment shape and regional geology influence the pattern of tributary—trunk stream relationships. This exerts a
secondary influence on biophysical fluxes such as the peakedness of flow during flood events. An elongate catchment
(with alow elongation ratio) (Figure 2.2a) has a relatively suppressed flow duration curve (Bellinger catchment, New
South Wales, Australia). In contrast, an amphitheatre, almost circular catchment (Figure 2.2b) is characterized by the
convergence of several tributaries within a short distance along the trunk stream resulting in more peaked flood

events (Bega catchment, New South Wales, Australia).

contrast, amphitheatre-shaped catchments may
be characterized by dramatic increases in catch-
ment area over relatively short distances along
their long profiles, as several higher-order tributar-
ies join the trunk stream (Figure 2.2b). This may
lead to abrupt increases in water and sediment
loadings, influencing the distribution of sediment
stores along the trunk stream.

Within any catchment, individual subcatch-
ments may have quite different physical attrib-
utes, with differing types and proportions of
landscape units and associated variability in geo-

morphic process zones. As such, interpretation of
controls on river character and behavior is best
framed in terms of subcatchment-specific attrib-
utes such as shape of the longitudinal profile,
lithology, etc.

2.2.2 Landscape units: Topographic controls
onriver character and behavior

Just as drainage basins comprise a series of sub-
catchments, so each subcatchment can be differ-
entiated into physiographic compartments based
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Figure2.3 The catchment-scale
sediment conveyor belt

In general terms, rivers convey slope-
derived sediments from source zones
in headwaters, through transfer zones,
to alluvial valleys in accumulation
zones. The efficiency of this process
depends upon the connectivity of
differing landscape compartments.
Rates of sediment input and the
capacity of flow events to transport
materials determine how jerky the
operation of the conveyor belt is at any
given time, and associated patterns

of geomorphic response at differing
positions along river courses. Modified
from Kondolf (1994) and reprinted with
permission from Elsevier, 2003.

onrelief variability (i.e., landscape morphology, as-
sessed in terms of elevation, slope, and degree of
dissection) and landscape position. In this book,
areas of similar topography that comprise a charac-
teristic pattern of landforms are referred to as land-
scape units (Figure 2.1; Table 2.1). Key factors used
to identify landscape units include measures of re-
lief, elevation, topography, geology, and position
(e.g., upland versuslowland settings). Aslandscape
units are a function of slope, valley confinement,
and lithology, they not only determine the caliber
and volume of sediment made available to a reach,
they alsoimpose major constraints on the distribu-
tion of flow energy that mobilizes sediments and
shapes river morphology. Catchment to catch-
ment variability in river character and behavior
and the operation of biophysical fluxes are largely
determined by the type and configuration of land-
scape units.

Downstream changes in slope and valley con-
finement result in widely differing settings in
which rivers are able to adjust their morphology to
varying degrees. These catchment-scale controls
influence the nature and rate of erosional and
depositional processes in differing landscape set-
tings, determining the pattern of sediment source,

accumulation zone
(deposition)

source zone
(erosion)

transfer zone
(conveyor belt)

transfer and accumulation zones (Schumm, 1977,
see Figure 2.3; Table 2.2). Although sediments are
eroded, transported, and deposited in each zone,
the dominance of these processes varies spatially
and temporally in each landscape compartment.
Connectivity between geomorphic process zones
in any given catchment influences the pattern and
rate of flow and sediment transfer and other bio-
physical fluxes.

Relief variability, manifest primarily through
the slope and confinement of the valley floor, is a
key determinant of the valley setting in which a
river is formed. In this book, three broad classes of
valley setting are differentiated, namely confined,
partly-confined and laterally-unconfined (see
Chapter 4). The rate and extent of bedrock incision
relative to valley widening determines valley
width and shape. Tectonic setting is a primary
control on this relationship, influencing the distri-
bution of degrading and aggrading settings and
resulting combinations of erosional and deposi-
tional landforms. Different sets of river character
andbehavior are found in zones that are dominated
by erosional processes (where bedrock-confined
rivers dominate), transfer zones (in partly-
confined valley-settings where floodplains are
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Table 2.2 Relationship between geomorphic process zones and landscape units.

Examples of landscape units

Dominant fluvial process

Valley setting

Source Mountain ranges, escarpment
zones

Transfer Tablelands, hills, erosional
piedmonts

Accumulation Coastalplains, alluvial plains,

depositional piedmonts, playas

Erosionviavertical-cutting;
minimal sediment storage

Erosionvia lateral-cutting;
fluctuating sediment storage

Deposition and net sediment
accumulation

Confined or partly-confined

Partly-confined of laterally-
unconfined with bedrock base

Laterally-unconfined with fully
alluvial channelboundaries

discontinuous), and in accumulation zones (where
alluvial streams are dominant).

Elevated areas such as mountain ranges, table-
lands, and escarpments primarily comprise ero-
sional landforms cut into bedrock. In mountain
zones, vertical downcutting is the dominant
fluvial process, producing steep and narrow (i.e.,
confined) valleys. These areas are dominated by
processes of denudation (degradational zones)
and act as sediment source zones (Figure 2.3).
Sediments supplied from slopes are fed directly
into the channel (i.e., coupling/connectivity is
high). The bedrock valley condition is sustained as
the transport capacity of rivers exceeds the rate
of sediment supply from tributaries and slopes.
Bedload transport mechanisms are dominant. A
different set of processes is observed in tablelands,
exemplified by low-relief plateau settings above
escarpments. In these settings, underfit streams
flow atop thin veneers of alluvial material in rela-
tively wide valleys (sensu Dury, 1964). Slopes are
largely disconnected from valley floors. In the
main, these areas act as sediment storage zones
made up primarily of suspended load deposits.

Downstream of upland sediment source zones,
materials are typically conveyed through transfer
reaches in landscape units such as rounded
foothills or piedmont zones (Figure 2.3). In these
areas, available energy remains sufficiently high to
sustain the dominance of bedload transport along
rivers, but a balance between net input and output
is approached. Accumulation of debris exported
from the headwaters, albeit in temporary stores,
generally reflects downstream reduction in valley
slope and increase in valley width. Considerable
energy is expended eroding the base of confining
hillslopes. These processes, combined with verti-

cal incision, create the space in which floodplain
pockets form in partly-confined valley-settings.
Floodplain pockets locally disconnect hillslopes
from the channel. The character of the valley
trough, in combination with slope and bed/bank
material, exerts considerable control on channel
planform and geometry. As these reaches have suf-
ficient stream power to rework materials, any de-
viation in the flow-sediment balance may prompt
changes to river morphology. For example, rates of
bank erosion tend to be at a maximum in transfer
reaches in midcatchment (Lawler, 1992).

Materials eroded and transported from upstream
parts of catchments are deposited in flanking sedi-
mentary basins (aggradational zones), such as low-
land plains or broad alluvial plains in endorheic
basins (Figure 2.3). The accumulation zone or sedi-
ment sink is marked by alluviation, aggradation,
andlong-term sediment storage. Alluvial channels
develop, with continuous floodplains along each
bank. Flow energy is dissipated across broad allu-
vial surfaces. In these lower slope settings, long-
term prevalence of lateral-cutting has produced a
broad valley trough in which the channel infre-
quently abuts the bedrock valley margin (i.e.,
slopes and channels are decoupled). As a conse-
quence, sediments are delivered to the channel al-
most entirely from upstream sources. Relatively
low stream power conditions reflect low slopes as
base level is approached. The decline in stream
power is marked by a decrease in bed material
texture. Indeed, these tend to be suspended load
systems.

Structural and lithological controls influence
the degree of landscape dissection and resulting
drainage patterns and density of river networks,
thereby affecting the rate of water and sediment
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fluxes (Figure 2.4; Howard, 1967). Drainage pat-
terns describe the ways tributaries are connected
to each other and the trunk stream. Distinct
patterns are commonly observed at the landscape
unit scale (Thorne, 1997). The simplest form of
drainage pattern, dendritic, develops in areas of
homogeneous terrain in which there is no distinc-
tive geological control. This configuration pro-
motes relatively smooth downstream conveyance
of sediment, because of a lack of structurally-
controlled impediments (Ikeya, 1981; Takahashi
etal., 1981). In many other settings, however, geo-
logical structure exerts a dominant influence on
drainage pattern. For example, a trellis pattern is
indicative of both a strong regional dip and the
presence of folded sedimentary strata. Tight angle
tributary junctions in these settings may induce
short runout zones for debris flows (Johnson et al.,
2000). A parallel patternis found in terrains with a
steep regional dip and marked lithological con-
tacts that impose a preferred drainage direction. In
areas of right-angled jointing and faulting, a rec-

tangular pattern is commonly observed. Radial
and annular drainage patterns reflect differential
erosion of volcanoes and eroded structural domes
respectively. Multibasinal networks are typically
observed in limestone terrains or in areas of
glacially-derived materials. Finally, contorted
drainage networks are generally associated with
landscapes subjected to neotectonic and volcanic
activity.

In general terms, more readily erodible rocks
tend to have higher drainage densities. Maximum
efficiency of flow and sediment transfer is
achieved in basins with short slopes with complex
bifurcating networks of small channels (i.e.,
badland settings). These conditions promote rapid
geomorphic responses to disturbance events, and
resulting transfer of flow and sediment. Drainage
density also tends to be high in steep headwater
areas where a multitude of lower order drainage
lines occur, and in semiarid areas where a lack
of vegetation cover facilitates landscape dissection
(Knighton, 1998). Other climatic influences on
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geomorphic process activity and landscape forms
in differing landscape units reflect variability in
temperature and precipitation regimes and associ-
ated controls on runoff relationships (i.e., the dis-
charge regime). For example, arid plains present a
stark contrast to tropical steepland settings.

2.2.3 Riverreaches

Topographic constraints on river forms and
processes result in differing ranges of river charac-
ter and behavior in differing valley settings. In the
nested hierarchical framework presented here,
reaches are differentiated within each landscape
unit (Figure 2.1; Table 2.1). Reaches are defined
as “sections of river along which boundary con-
ditions are sufficiently uniform (i.e., there is no
change in the imposed flow or sediment load) such
that the river maintains a near consistent struc-
ture” (Kellerhals et al., 1976). Alternating patterns
of reach-scale river behavior may be termed seg-
ments (Frissell et al., 1986).

The critical issue in identification of reaches is
determination of the attributes that are used to
classify the river (see Chapter 4). Ultimately, reach
boundaries must reflect discernible changes to
river character and behavior. Reach boundaries
may be distinct or gradual. Transitions in river
type are generally coincident with a downstream
change in one or more of the catchment boundary
conditions within which the river operates. For ex-
ample, a change in valley width may be coincident
with a lithological break and differential resist-
ance to erosion. Alternatively, major changes to
flow and sediment discharge downstream of a trib-
utary confluence may induce an abrupt change in
river morphology. Any given landscape unit may
contain multiple reaches. However, reach bound-
aries are not always coincident with landscape
unit boundaries. In some instances, river mor-
phology may be imposed by historical influences,
such as former sediment supply conditions or
climatic/tectonic fluvial regimes.

River character and behavior are influenced to
a considerable degree by the space within which
the river is able to move (see Chapter 4). In con-
fined valleys the channel has limited capacity
to adjust. In partly-confined valleys the channel
adjusts around floodplain pockets. Given relative-
ly high energy conditions, these sediment stores

are prone to reworking. Finally, a wide range of al-
luvial river forms may be evident in laterally-un-
confined settings, where continuous floodplains
line both banks of the channel. The assemblage of
erosional and depositional landforms observed
along rivers in these differing settings may vary
markedly, as recorded by the assemblage of
geomorphic units.

2.2.4 Geomorphic units

Rivers comprise reach-scale arrays of erosional
and depositional landforms, referred to as geomor-
phic units (Figure 2.1; Table 2.1). The availability
of material and the potential for it to be reworked
in any given reach determines the distribution of
geomorphic units, and hence river structure. Some
rivers comprise forms sculpted into bedrock (e.g.,
cascades, falls, pools), while others comprise chan-
nel and floodplain forms that reflect sediment
accumulation in short- or long-term depositional
environments (e.g.,, midchannel bars versus a
backswamp).

Geomorphic units are the building blocks of
river systems (Brierley, 1996). Each landform has a
distinct form-process association. Analysis of its
morphology, bounding surface, and sedimentolog-
ical associations, along with interpretation of its
distribution and genetic associations with adja-
cent features, provides a basis to interpret forma-
tive processes (Miall, 1985). Given the specific set
of flow (energy) and sediment conditions under
which each type of geomorphic unit is formed and
reworked, they are often found in characteristic
locations along river courses. For example, point
bars are found on the convex banks of bends, back-
swamps occur along distal floodplains, ridges and
swales are located along the convex floodplains
of some meandering rivers, and cascades are ob-
served in steep headwater settings. Adjacent geo-
morphic units are commonly genetically linked,
such as pool-riffle sequences, point bars with
chute channels, and levee-floodchannel assem-
blages. Analysis of these features, and their assem-
blages, guides assessments of how rivers work, and
arereworked, at differing flow stages. This enables
interpretation of the range of formative events that
sculpt the river, deposit materials, and rework and
remold materials, providing insight into river be-
havior (see Chapter 5). In some instances, geomor-
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phic units may reflect former conditions, such as
extreme flood events.

Instream geomorphic units include a variety of
bedrock and alluvial forms along a continuum
of available energy (as determined by flow and
slope) and sediment considerations (primarily
the texture and volume of material) (see Chapter
4). They range from features sculpted in bedrock,
such as falls, steps, and plunge pools, through
to depositional features such as boulder domi-
nated cascades, gravel riffles, and various sand and
gravel bar types. Floodplain geomorphic units in-
clude a variety of laterally and vertically accreted
features such as ridge and swale topography,
billabongs, and backswamps. Interpretation of
the character and juxtaposition of floodplain
geomorphic units provides an insight into river
history (e.g., formation of cutoffs, palacochannels,
etc.). Channel-marginal features, such as levees,
influence the connectivity between channel and
floodplain processes.

Various geomorphic units are shown for reaches
in different process zones in Figure 2.5. In general
terms, sculpted erosional forms and high energy
depositional features such as boulder bars charac-
terize confined (bedrock) rivers (Figure 2.5a).
Partly-confined valleys have an array of instream
features with a mix of erosional and depositional
forms on floodplain pockets (Figure 2.5b). An
amazing diversity of geomorphic units is evident

along alluvial rivers such as anastamosing,
braided, meandering, straight and wandering grav-
el bedrivers (Figure 2.5¢). Although individual geo-
morphic units may be observed along reaches in a
range of river types (e.g., pools are common along
many variants of river morphology), the range and
assemblage of geomorphic units provide a basis to
differentiate among river types. At finer levels of
resolution, hydraulic units may be characterized
for instream geomorphic units, as indicated in the
following section.

2.2.5 Hydraulic units

Hydraulic units are spatially distinct patches of
relatively homogeneous surface flow and sub-
strate character (Table 2.3; Kemp et al., 2000;
Newson and Newson, 2000; Thomson et al., 2001).
These can range from fast flowing variants over
a range of coarse substrates to standing water
environments on fine substrates. Flow-substrate
interactions vary at differing flow stages. Several
hydraulic units may comprise a single geomorphic
unit. For example, distinct zones or patches may be
evident within individual riffles, characterized by
differing substrate, the height and spacing of
roughness elements, flow depth, flow velocity, and
hydraulic parameters such as Froude and Reynolds
Number.

Table 2.3 Classification of surface flow types. From Thomson et al. (2001) © John Wiley and Sons Limited. 2004.

Reproduced with permission.

Flow type Description
Free fall Water falling vertically without obstruction. Often associated with abedrock or boulder step.
Chute Fast, smooth boundary turbulent flow over boulders or bedrock. Flow is in contact with the substrate

Broken standing waves

Unbroken standing
waves

Rippled

Upwelling
Smooth surface flow

Scarcely perceptible
flow
Standing water/swamp

and exhibits upstream convergence and divergence.
White-water tumbling waves with crest facing in an upstream direction.
Undular standing waves in which the crest faces upstream without breaking.

Surface turbulence does not produce waves, but symmetrical ripples that move in a general
downstream direction.

Secondary flow cells visible at the surface by vertical “boils” or circular horizontal eddies.

Relative roughness is sufficiently low that very little surface turbulence occurs. Very small turbulent
flow cells arevisible, reflections are distorted and surface “foam” moves in a downstream direction.

Surface foam appears stationary, little or no measurable velocity, reflections are not distorted.

Abandoned channelzone or backswamp with no flow except at flood stage.
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(a) Source zone
Bedrock step/waterfall

Rapid

Ebor Falls, NSW
Haast Gorge, NZ

Franklin River,
Tasmania

(b) Transfer zone
Compound point bar and
stripped floodplain

Point bar

Manning River, NSW

Clarence River, NSW - Macdonald River, NSW

bar complex  Point bars and mid-channel bars

Pool-riffle—lateral
,. = ¥ o

Al

Squamish River, British Columbia

Kangaroo River, NS

Figure 2.5 Geomorphic units in source, transfer, and accumulation zones
These photographs provide examples of geomorphic units in source (a), transfer (b), and accumulation (c) zones (see
Chapter 4 for further details).
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(c) Accumulation zone

Terraces and floodplain

Backswamp

Levee—floodchannel complex

Waiau River, New Zealand

Six Mile Creek, NSW
Meander cutoff

Squamish River, British Columbia

Lateral bar and scour pool
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Macdonald River, NSW
Billabong
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Figure 2.5 Continued

Aquatic habitat zonation alongriver courses can
be related to the character and distribution of hy-
draulic units (Harper and Everard, 1998; Wadeson
and Rowntree, 1998; Table 2.1). Indeed, ecohy-
drologic or ecohydraulic relationships form an
integral component of many flow management
strategies. In many settings, this instream focus
must be linked with concerns for channel-flood-
plain connectivity, as a major component of the
ecological diversity of a river system may be evi-
dent in wetlands on the floodplain.

Maéqdarie River,' NéW

2.2.6 Summary of geoecological considerations
at different scales of the nested hierarchy

Primary linkages between geomorphological and
ecological forms and processes at differing
scales in the nested hierarchy are summarized in
Table 2.1. Geoecological considerations at the
catchment scale determine the boundary condi-
tions within which aquatic ecosystems operate.
Comparisons among stream networks aid inter-
pretation of habitat/ecosystem diversity, biophys-
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ical linkages (connectivity), network efficiency,
species  distributions/migrations,  sediment
sources, and transport, etc. The operation of bio-
physical fluxes at the landscape unit scale is a crit-
ical determinant of river character and behavior,
shaping the pattern and rate of flow—sediment
transfer and the longitudinal, lateral, and vertical
connectivity of the system. Assemblages of geo-
morphic units at the reach scale represent a pri-
mary guide to habitat diversity and community
structure along a river course. For example, geo-
ecological differentiation of an upland swamp and
a gorge, or a braided river with no floodplain and
an anastamosing channel network with multiple
backchannels and a network of wetlands on its
floodplain is self-evident. Richards et al. (2002)
note that dominant fluvial and ecological process-
es seem to be fundamentally congruent at the
reach scale, wherein dynamic changes to channel
geometry and planform can be related to patch dy-
namics of ecosystem turnover and maintenance.
Geomorphic units are the building blocks of river
systems, in geomorphological and ecological
terms, presenting particular constraints on the
availability and viability of habitat at differing
flow stages. As such, spatial and temporal adjust-
ments to geomorphic units affect patterns and
rates of resource utilization, competition, and
habitat selection alongriver courses. Finally, flow—
sediment interactions at the hydraulic unit scale
are critical determinants of instream habitat
viability, fashioning the operation of various bio-
physical processes that determine ecosystem
functionality. Comparisons among microhabitats
might include nutrient availability, substratum
preference, feeding habits, etc. Collectively, these
various interactions at differing scales indicate the
vital part played by geomorphic (landscape) con-
siderations in providing a physical template to
examine aquatic ecosystems and develop river re-
habilitation initiatives.

2.3 Use of geomorphology as an integrative physical
template for river management activities

Principles from fluvial geomorphology provide an
ideal starting point from which to evaluate the in-
teraction of biophysical processes within a catch-
ment, as geomorphological processes determine

the structure, or physical template, of a river sys-
tem. In this section, geomorphic interactions with
biophysical attributes of river courses are analyzed
in terms of habitat availability (Section 2.3.1), flow
considerations (Section 2.3.2), substrate condi-
tions (Section 2.3.3), and vegetation associations
(Section 2.3.4).

2.3.1 The geomorphic basis for management of
habitat availability along river courses

Habitats refer to the places or environments in
which species live. The physical structure of the
river (i.e., substrate conditions, channel shape and
size, assemblage of geomorphic units, floodplain
attributes, etc.) provides a template for biotic
interactions and associations (Southwood, 1977;
Newson et al., 1998a; Newson and Newson, 2000;
Thomsonetal., 2001,2004). Geomorphic diversity
of river structure determines the amount and
diversity of physical habitat along river courses
(see Figure 2.6). Asnoted by Jacobson et al. (2001, p.
201), “Itis generally accepted that physical habitat
determines a template for aquatic ecosystem func-
tions, but realization of the potential is highly de-
pendent on other ecological processes.” Similarly,
Montgomery (2001, p. 247) noted that “ecologists
have come to increasingly recognize the impor-
tance of the ‘geomorphic template’ that can struc-
ture ecological processes, habitat characteristics,
and their dynamic interactions.” The geomorphic
diversity of rivers, and adjustments to river struc-
ture and function, affect the range of biotic oppor-
tunities along a river course.

Geomorphic processes, fashioned by the flow
regime, vegetation associations, and sediment
availability, induce direct controls on the distribu-
tion of energy within a system. These interactions
determine the character and distribution of chan-
nel and floodplain forms, the local-scale pattern of
erosion and deposition (and hence substrate char-
acter), and associated hydraulic diversity at differ-
ing flow stages. Collectively, these components
induce different ranges of habitat availability in
different settings at differing flow stages, exerting
a strong influence on relationships between habi-
tat and community structure and species richness.
When integrated with measures such as elevation
and riparian vegetation cover, and their effects
on temperature and nutrient availability, these
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Figure2.6 Geomorphic controls

on habitat availability for three
contrasting river types

The pattern of geomorphic units
along a reach affects the structural
heterogeneity and hydraulic
diversity of the river, along with
channel-floodplain connectivity,
vegetation associations (shading
and temperature), etc. Variability

in these biophysical interactions
influences the availability and
viability of habitat along these
different river types, along with other
measures of aquatic ecosystem
functioning, such as nutrient fluxes,
food web processes, predation, etc.,
and hyporheic zone processes
(surface-subsurface flow
interactions). The intact valley fill
example (a) has a simple geomorphic
structure, with occasional ponds
and a discontinuous channel on an
otherwise undifferentiated valley
floor. Swampy deposits and
vegetation associations contrast
with surrounding open forest.
Habitat diversity is limited by the
suspended load nature of the system.
In example (b), discontinuous
floodplain pockets alternate from
side to side of the valley floor.
Significant instream and floodplain
diversity in geomorphic structure,
habitat availability, and vegetation
associations is evident. In example
(c), heterogeneity of geomorphic

and hydraulic diversity is most
pronounced, presenting the widest
range of habitat availability in the
three examples shown. (a, b)
reproduced from Brierley et al. (2002)
with permission from Elsevier, 2003.
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(b) Partly-confined valley with bedrock controlled
discontinuous floodplain River Style
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(c) Meandering gravel bed River Style
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principles provide a coherent physical template
for geoecological research and management
applications.

Because geomorphic units form relatively dis-
crete habitat units, and different types of river are
characterized by their assemblage of geomorphic
units, geomorphological classification procedures
provide a reasonable basis to characterize habitat
and biotic assemblages along river courses. For
example, billabongs and backswamps with sig-
nificant wetland habitats may be prominent
(Table 2.1) along different types of meandering or
anabranching river, while an array of geomorphic
units with their own assemblage of aquatic species
may occur along steep headwater streams.
Similarly, differing assemblages of landforms pres-
ent a range of habitats that may be important at
different life stages for different organisms. For
example, different geomorphic units act as feeding
(runs), resting or holding/refuge (pools, backwater
areas), and spawning (gravel bars) sites, such that
the reach-scale assemblage of geomorphic units
influences the composition of fish assemblages
(e.g., Wesche, 1985; Aadland, 1993). Over the
course of a day, fish may use pools, riffles, and
adjacent units for different activities (e.g.,
Hawkins et al., 1993; Montgomery et al., 1995a;
Bisson and Montgomery, 1996).

At a finer scale of resolution, hydraulic units
also exert a direct influence on local habitat avail-
ability (Table 2.1). Several hydraulic biotopes may
be nested within a single geomorphic unit. In gen-
eral terms, macroinvertebrates respond to these
local habitat variables rather than to larger scale
factors (e.g.,, Thomson et al., 2004). Interactions
at differing flow stages shape patch dynamics and
edge effects alongriver courses. These interactions
are especially important at channel margins,
marking the interface between aquatic and terres-
trial ecosystems of the riparian zone. Ultimately,
these local habitat differences are driven by, and
possibly predictable from, larger-scale geomorphic
processes at reach, landscape unit, and catchment
scales.

Assessments of aquatic habitat must also con-
sider the floodplain compartment, ensuring that
the integrity of hydrologically contiguous areas is
maintained. Dependent on the setting, a range of
geomorphic features and associated habitats may
be evident in different types of floodplain, includ-
ing wetlands, billabongs (oxbow lakes), secondary

channels, cutoff channels, backwater channels,
floodplain ponds, backswamps, etc. For example,
habitat heterogeneity in complex, laterally active
reaches may be essential in the maintenance of
aquatic communities (Power et al., 1995; Beechie
etal., 2001). Similarly, many species have adapted
their life cycles to the periodicity of flooding and
the reliability of floodplain inundation. For exam-
ple, many tropical wetlands are characterized
by areas of remarkable nutrient productivity and
comprise extremely diverse ecosystems (e.g.,
Amoros et al., 1987). In some instances, wetlands
may provide a wide range of habitat for short inter-
vals of time, providing a rich food source for vari-
ous species (e.g., frogs, fish), impacting profoundly
on bird migratory pathways.

Over time, ecological interactions have been in-
fluenced to a greater and greater degree by human
activities. In many instances, the consequences of
these changes are effectively intractable. Habitat
loss associated with modification of river charac-
ter and behavior has instigated loss of native flora
and fauna, marked changes in spatial ranges and
interactions, and incursion of exotic species. In
many instances, simplification of river courses has
reduced the geomorphic complexity of channels,
and altered channel-floodplain connectivity, re-
ducing the diversity of habitat (see Chapter 7).

Biological, chemical, and hydrological interac-
tions along river courses are fashioned, to varying
degrees, by the geomorphic template upon which
biophysical interactions occur. Although princi-
ples from geomorphology provide a critical physi-
cal template for analysis of habitat availability
along river courses, many other considerations
must be appraised to determine habitat viability
and unravel controls on ecological functioning.
Various ecological processes are influenced by
factors that are largely independent of river mor-
phology, such as climate, elevation, aspect, and
biogeographic factors, biotic interactions (e.g.,
food web processes, predator-prey relationships,
nutrient availability, etc.), and aquatic geochem-
istry. Indeed, any limiting factor that affects an
aquatic system can affect its viability, potentially
compromising critical linkages in the chain of life.
Disruptions to ecosystem functioning may be im-
posed by loss of habitat or refugia (at any stage in
the life cycle), chemical or thermal limitations
(e.g., nutrient deficiencies, contaminants, loss of
shade), or any factor that breaks the continuity of
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the food web and/or predator—prey relationships.
Spatial and temporal variability in species mobil-
ity must also be considered in evaluations of
geomorphic and ecological interactions (e.g.,
Frothingham et al., 2001). Hence, evaluations of
habitat should emphasize the diversity of available
habitat, rather than the extent of a single type of
habitat, ensuring that viable habitat is available for
all stages in the life cycles of species (McKenney,
2001). Given these considerations, two reaches of
the same geomorphic type within the same catch-
ment will not necessarily have equivalent viable
habitat and biotic assemblages, despite physical
similarities (Kershner et al., 1992; Thomson et al.,
2004). The potential range of habitats within com-
parable reaches, along with the dynamic nature of
stream habitats and the biotic and abiotic factors
that influence them, may ensure that identifica-
tion of truly representative geoecological reaches
isunachievable.

2.3.2 The geomorphic basis for management
of river flows

The magnitude, frequency, timing, and duration of
overbank flows, formative (bankfull stage) flows,
low flows, and periods of no flow, shape, and in
turn are shaped by, the geomorphic structure of a
river. Many channel features, such as bars and rif-
fle-pool sequences, are formed and maintained
by dominant (or bankfull) discharge events, while
overbank events form and reshape floodplains.
Linkages between geomorphic river structure and
function and biotic attributes of aquatic ecosys-
tems are largely mediated through biophysical in-
teractions at different flow stages. Indeed, species
have evolved to exploit the habitat mosaic that is
created and maintained by hydrologic variability
(Poff et al., 1997). For many riverine species, com-
pletion of their life cycle requires an array of
habitat types, the availability of which may be de-
termined by the flow regime (e.g., Sparks, 1995).
Hence, adaptation to a range of conditions is an in-
tegral component in the evolution of aquatic
ecosystems, as disturbance events destroy and
recreate habitat elements.

Natural variability in the timing and duration of
flows varies over differing timescales in different
environmental settings, exerting a profound influ-
ence on river structure and function, and associat-
ed ecological considerations (Poff and Ward, 1989;

Bailey and Li, 1992; Puckridge et al., 1998).
Patterns and rates of hydrological connectivity de-
termine biogeochemical exchanges between land-
scape patches (Petts and Amoros, 1996; Amoros
and Bornette, 2002; Ward et al., 2002). These inter-
actions, which are flow stage dependent, deter-
mine patterns and rates of biophysical fluxes
in longitudinal (upstream-downstream), lateral
(channel-floodplain), and vertical (surface-
subsurface) dimensions.

Hydrological connectivity varies markedly for
different types and scales of rivers at different posi-
tions in landscapes (and catchments), and in differ-
ing environmental settings. For example, patterns
and rates of biophysical fluxes operate quite differ-
ently in small, headwater streams that are largely
bedrock-based and have no floodplain, relative to
expansive lowland plains with differing substrate
conditions and an array of floodplain features such
as billabongs and wetlands. Alternatively, flash
floods in arid environments are irregular occur-
rences, while seasonal flooding in monsoonal set-
tings is a relatively predictable phenomenon. In
the former setting, the periodicity of inundation
and ecosystem responses are particularly impor-
tant in the maintenance of aquatic ecosystems,
as extreme yet irregular flood events may trigger
breeding cycles that have been dormant for many
years.

Ariver’s flow is derived from some combination
of surface water, soil water, and groundwater.
Climate, geology, topography, soils, and vegeta-
tion affect the supply of water and the pathways
(and timing) by which it reaches the channel (Poff
et al., 1997). Collectively, overland and shallow
subsurface flow generates flood peaks following
storm events. In contrast, deeper groundwater
stores maintain base flow during periods of little
rainfall, providing a steady source of generally high
quality water at a relatively constant temperature
(Potter and Gaffield, 2001). Moving downstream,
discharge reflects the sum of flow derived from
multiple subcatchments. The time taken for flow
to be transferred down the system, combined with
nonsynchronous tributary inputs and larger down-
stream channel and floodplain storage capacities,
attenuate and dampen flood peaks in downstream
reaches (Poff et al., 1997).

Flow variability determines the frequency and
duration of inundation of differing geomorphic
surfaces. Geomorphic units are formed and re-
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worked by flow events of differing magnitude and
recurrence. River structure is also shaped by the
history of flow events. These relationships influ-
ence the sedimentary makeup of geomorphic
units, the vegetation that grows on them, and the
formation, maintenance, and disruption to habitat
that occurs under differing flow conditions (Poole,
2002; Richards et al., 2002). Habitat diversity also
changes as a function of flood magnitude (e.g.,
McKenney, 2001).

Flow regulation tends to reduce river complexi-
ty and habitat heterogeneity. Changes to the natu-
ral pattern of hydrologic variation and disturbance
alter habitat dynamics, creating new conditions to
which native biota may be poorly adapted (Poff
etal., 1997). Many studies have demonstrated that
altering hydrologic variability in rivers is ecologi-
cally harmful (e.g., Sparks, 1995; Stanford et al.,
1996; Richteretal., 1997). Indeed, manipulation of
flow probably represents the greatest single
human impact on river ecosystems (Postel and
Richter, 2003). Bunn and Arthington (2002) sug-
gest four major reasons why flow modifications
have been so devastating to river species and
ecosystems. First, because river flows —and partic-
ularly floods — shape the physical habitats of rivers
and their floodplains, changes to flow affect the
distribution and abundance of plants and animals.
In some instances, loss of a particular component
of the flow regime may completely eliminate
species that are dependent upon habitats that are
no longer available after the flow alteration (Poff
et al., 1997). Second, survival and reproductive
strategies of various aquatic species have evolved
such that they are keyed to natural flow condi-
tions. If the flow conditions for a species to suc-
cessfully completeits life cycle no longer exist, the
species will quickly decline or disappear. Third,
many species require adequate water depth at crit-
ical times of the year to facilitate their movements
upstream and downstream and from the channel
to the floodplain (and vice versa). Flow alterations
that inhibit these movements may prevent them
from reaching feeding and breeding sites that are
critical to their growth and reproduction. Fourth,
altered flow conditions often favor nonnative
species that have been introduced into river sys-
tems, placing greater survival pressures on native
species. For example, a regulated flow regime with
less variability may give exotic fish a competitive

advantage over native species that are better adapt-
ed to flooding, impacting on patterns of fish migra-
tion, body size, and species richness (Poff and
Allan, 1995). As the flow regime becomes more
predictable and less variable, biotic interactions
such as competition and predation may dominate
over abiotic (physical and chemical) processes
(Poff and Ward, 1989).

Impacts of flow regulation on aquatic ecosys-
tems vary greatly, depending on the hydrogeomor-
phic setting of the river, and the operation of
reservoirs relative to the prevailing sediment
transport regime. The ecological significance of
changes in flow may be accentuated or mitigated
by other factors, including presence/absence of ad-
ditional dams, contributions from unregulated
tributaries, or by regional differences in the natural
hydrologic regime and/or sediment availability
(Pitlick and Wilcock, 2001). In general terms,
reservoirs operated for flood control, water stor-
age, and power generation typically alter the
natural hydrograph by reducing peak flows and in-
creasing base flows. The net effect is a flow regime
with less variability that lowers the frequency of
disturbance and reduces the diversity of riverine
habitat. This creates conditions that are preferen-
tially used by species that are better adapted to
more stable flows (Stanford et al., 1996). Resulting
shifts in ecosystem structure and function are like-
ly to be most severe in arid and semiarid regions
where natural flow variability is high and the
amount of water impounded by reservoirs is large
in proportion to the annual flow (Graf, 1999).

At the local scale, ecohydrological effects of
dams and water diversions include adjustments to
substrate and imposition of barriers to fish migra-
tion (Pitlick and Wilcock, 2001). Broader-scale
impacts may include alterations to processes that
affect nutrient cycles (Newbold, 1992), channel-
floodplain interactions (Stanford and Ward, 1993),
riparian vegetation (Friedman et al., 1998), food
webs (Wooten et al., 1996), sediment loads
(Andrews, 1996), and channel geomorphology
(Ligon et al., 1995; Van Streeter and Pitlick, 1998).

Profound human disturbance to flow regimes
has necessitated the implementation of environ-
mental flows to maintain or reinvigorate ecosys-
tem functioning (Dollar, 2000; Whiting, 2002; see
Table 2.4). A range of flow disturbance regimes is
required. Maintenance of the viability of habitat



Spatial considerations in aquatic ecosystem management 37

Table 2.4 Forms of environmental flow management strategies. Modified from Dollar (2000) and reprinted with per-

mission from Hodder Arnold, 2004.

Name

Definition

Fish maintenance flows
Channel maintenance

Minimum flows that are necessary for short-term maintenance of fish populations.
Minimum flows that maintain the erosional and depositional processes in the channels, and the

flows immediately adjacentriparian zone.

Riparian maintenance

Overbankflows that are needed for the establishment of off-channel riparian vegetation and

flows off-channelaquatic habitat (e.g., in backswamps).

Valley forming flows

Large, infrequent flows that are overbank and are needed to maintain channel patterns, riparian

areas and buffer hillslope infringement processes.

Sediment maintenance
flows
Low flows

Designed to maintain the sedimenttransport and storage capacities of a reach.

Flows that have the longest duration and provide seasonal habitat forindividual species.

These flows also maintain base flow conditions, providing habitat refugia in dry times.

Freshes

Small, short-lived increases in flow. This flow variability initiates scour and cleanses the river bed,

dilutes poor water quality, and triggers the spawning of fish.

Floods

Substantial flow increases that cause significant bed scour, bank erosion, and sediment transport.

Overtopping of banks provides the hydraulic link between the channeland the floodplain.

throughout species’ life cycles requires that
refugia are maintained across the range of flow
conditions, from low flow stage to inundation of
floodplain and wetland features, as necessary. Low
flow strategies address concerns for the flow veloc-
ity and depth characteristics of hydraulic units or
maintenance of low flow stage refugia (e.g., sus-
taining connectivity between pools and riffles).
Designated flows termed freshes may be allocated
to flush silt from the interstices of gravel bars, aid-
ing hyporheic zone functioning. Turning the bed
over creates fresh surfaces alonga reach. For a fresh
to be effective, fine material must be fully sus-
pended and removed from the reach (Kondolf and
Wilcock, 1996). However, the coarse material can-
not become so mobile that it causes high mortality
amongaquatic organisms, or sediments are deplet-
ed. Alternatively, short-term evacuation of fine
sediment from pools or deposition of coarse sedi-
ment in bars may increase the quality of habitat
used for spawning, juvenile cover, and invertebrate
food production (Pitlick and Wilcock, 2001).

At flow stages up to bankfull, sediment mainte-
nance flows of differing frequency and magnitude
may be applied to change substrate characteristics,
potentially altering channel morphology and asso-
ciated habitat. Channel maintenance flows may be
applied to scour sand from pools, or maintain pool-

riffle morphology and associated active channel
width and topographic diversity. In striving to
maintain or improve channel structure, hetero-
geneity of bed material, and associated diversity of
habitat, it is important to determine whether the
various sizes of sediment will move as bedload or
suspended load, and whether transport rates will
significantly alter the sediment balance of any
given reach (Pitlick and Wilcock, 2001). Unless the
balance of water and sediment transfer is main-
tained, accentuated rates of deposition or removal
may result in loss or simplification of habitat. In
settings where significant habitat value must be
protected in the riparian zone and on the adjacent
floodplain, riparian maintenance flows may ad-
dress concerns for floodplain connectivity (includ-
ing nutrient cycling, sediment transfer, etc.).
Finally, valley-forming flows may be required to
instigate overbank floods that modify floodplain
morphology and activate wetlands, affecting flora
and fauna life cycles.

Maintenance of the inherent variability and di-
versity of natural flow regimes represents a vital
component in river management plans that ad-
dress concerns for ecosystem integrity and native
biodiversity. Ideally, flow management plans
mimic the natural duration, timing, magnitude,
and sequencing of flows to which a range of organ-
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isms have adapted and evolved (Poff et al., 1997).
Quantitatively achievable objectives must be de-
fined for flows of a given magnitude, duration, and
timing, emphasizing that these goals are specific
to the type of river under investigation and its posi-
tion in the catchment.

2.3.3 The geomorphic basis for management
of substrate conditions along rivers

Substrate conditions, whether characterized by
rooted vegetation, dead wood, or varying sizes of
inorganic particles (silt, sand, gravel, and cobble),
are primary determinants of the abundance and
diversity of many aquatic organisms, especially
macroinvertebrates, macrophytes, and algae.
Differing substrate conditions are also preferen-
tially utilized at different stages in the life cycles
of aquatic fauna such as fish. The frequency and
efficiency with which flow reworks bed material
exerts a major influence on geomorphic river
structure (i.e., the type and distribution of geomor-
phic units) and associated hydraulic interactions
(e.g., extent of inundation, flow type). These rela-
tionships vary markedly in bedload, mixed load,
and suspended load rivers (see Chapter 3). Along
suspended load rivers, bed heterogeneity tends to
be limited and the geomorphic structure of rivers
isrelatively simple. Turbidity levels tend to be nat-
urally high. Along gravel or coarser bedload rivers,
bed material organization and the degree of armor-
ing and packing determine the mobility of materi-
als and the prevailing river structure. Once the
surface armor is broken, large volumes of readily
movable material may be released. A wide range
of textures may be evident in these systems. In
contrast, sand bed channels often have a remark-
ably uniform texture, and are characterized by
nonturbid flows (i.e., the concentration of sus-
pended load materials is very low under most flow
conditions).

The relationship between sediment availability
and the capacity of a reach to transport it deter-
mines the type and distribution of geomorphic
units along a reach. This reflects, among many
considerations, the balance of erosional and depo-
sitional processes along the reach, as determined
by the nature and extent of impelling and resisting
forces (see Chapter 3). Forcing elements such as
bedrock constrictions, bedrock steps, riparian veg-

etation, and woody debris may exert a profound
impact upon these relationships. At the extremes
of river behavior, channels are scoured to bedrock
or smothered by slugs of bedload caliber materials
(supply- and transport-limited situations respec-
tively). Most reaches fall between these extremes.
Changes to the flow-sediment balance may alter
the proportion of bedrock and bed material caliber
along a reach, or modify the degree of armoring.
Alternatively, an influx of suspended load materi-
alsmay clog the interstices between gravels. These
adjustments may change river structure, altering
the ability of the river to convey sediments, there-
by exerting a critical impact on the availability and
viability of aquatic habitat (e.g., Pitlick and Van
Streeter, 1998).

The importance of substrate heterogeneity and
stream bed disturbance varies widely within
and between streams (Pitlick and Wilcock, 2001).
Benthic invertebrates, and fish that rely on coarse
substrates for spawning, benefit from periodic
flushing flows or floods (Kondolf and Wilcock,
1996). Although the movement of coarse bed ma-
terial during floods may reduce invertebrate popu-
lations and species abundance, periodic, low level
disturbance marked by bedload transport events of
low to intermediate intensity and frequency are
often necessary to maintain habitat quality and
species diversity. Such events are very important
for maintaining aquatic habitats, especially for mi-
gratory fish species or generalist fish that utilize a
wide range of habitats (Pitlick and Wilcock, 2001).
With increasing discharge and sediment transport
intensity, refuge opportunities for these mobile or-
ganisms decrease (McKenney, 2001). Reworking of
surface clasts is needed to remove fine sediment
from the bed in order to maintain spawning habitat
or interstitial void spaces for invertebrates and ju-
venile fish. If the supply of inorganic sediments
increases, habitats may be smothered, potentially
eliminating reproductive habitats, transforming
riverine productivity, and altering food web pro-
cesses, thereby bringing about biotic adjustments.
For example, the filtering capacity of gravel bars
and the bed influence hyporheic zone processes,
impacting on ecological functioning and nutrient
cycling.

Oversupply of materials may generate a sedi-
ment slug (see Figure 2.7). Downstream transmis-
sion of the slug is marked by a cycle of aggradation
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Figure2.7 The importance of sediment transfer in river management applications

Sediment flux is a key component in effective river management planning. Understanding where sediments are
derived from, how often and where they are transferred to, and where they are stored along river courses (and for how
long) influences determination of what is realistically achievable in river rehabilitation. Identification of sediment-
starved and sediment-choked reaches is a key consideration. Assessment of river recovery potential is influenced by
reach position in the catchment relative to reaches that are sediment-starved or sediment-choked and the off-site
impacts that upstream sediment availability or exhaustion exert upon the recovery processes. Sediment-choked rivers
often contain sediment slugs: (a) is a piggy-back bridge on the Macdonald River north of Sydney, Australia built in
response to the movement of a sediment slug through the system, (b) is on the Waiapu River in New Zealand where
tens of meters of gravel have infilled valleys, burying floodplains and houses, and reducing geomorphic heterogeneity.
Sediment-starved rivers often have low recovery potential as sediments required to narrow channels and build
geomorphic features are limited. The Australian examples shown are from the upper Latrobe catchment in Victoria (c)
and Greendale Creek in Bega catchment, New South Wales (d).

and degradation, with accompanying changes to
channel planform and cross-sectional geometry.
Initially, aggradation promotes the development
of a multichannel configuration and channel
widening, decreasing channel heterogeneity and
smothering habitat. The subsequent degradation
phase is characterized by reversion to a single, nar-
rower channel. Typical migration rates range from
0.1-0.5kmyr! for smaller slugs to 1-5 km yr~! for
slugs generated from mining waste (Nicholas et

al., 1995). Hyporheic zone functioning and various
other measures of aquatic ecosystem functioning
vary markedly during these different phases of
geomorphic adjustment. In contrast, limited
sediment availability in sediment-starved sys-
tems may promote “hungry water” (Kondolf,
1997), potentially obliterating aquatic habitat
(Figure 2.7).

Substrate composition is one of the most easily
manipulated habitat characteristic in rehabilita-
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tion projects. Consideration must be given to the
type of substrate, the degree of embeddedness, size
of particles, contour of the substrate, and hetero-
geneity of substrate types in the source and recipi-
ent areas (Gore, 1985, 2001). These analyses must
be placed in context of the broader sediment flux
(see Chapter 3). Understanding the spatial and
temporal distribution of sediment source, transfer
and accumulation zones, and the connectivity
between different landscape compartments, pro-
vides an initial basis to predict how a river will re-
spond to changes in the sediment regime. Projects
that fail to consider current trends in sediment de-
livery are likely to require costly maintenance, or
fail to achieve their intended goal (Simon, 1995;
Searetal., 1995; Sear, 1996).

2.3.4 The geomorphic basis for riparian
vegetation management

Morphodynamic relationships between geomor-
phic river structure and riparian vegetation associ-
ations lie at the heart of the physical template that
records the diversity of river forms and processes.
Mutual adjustments among these components
exert a dramatic impact upon the availability
and viability of aquatic and terrestrial habitat
along valley floors. Indeed, riparian zones and
floodplains link aquatic and terrestrial ecosys-
tems, regulating fluxes of water, nutrients, and
organic matter alongriver corridors (Gregory et al.,
1991).

The affect of riparian vegetation and woody de-
bris on the geomorphic structure of a river is mani-
fest at various scales. At finer scales, patterns of
erosion and deposition are influenced, resulting in
different substrate types and sediment mixes in
the channel zone. Significant local-scale hetero-
geneity in the assemblage of geomorphic units is
evident along rivers with intact riparian forests
and high loadings of woody debris (e.g., Collins and
Montgomery, 2001; Brooks and Brierley, 2002). At
coarser scales, the distribution of resisting ele-
ments along valley floors influences channel ca-
pacity, channel planform, and the character and
rate of river adjustment (e.g., Millar, 2000). These
considerations are largely influenced by, and in
turn exert an influence upon, the distribution of
energy within a river system. The nature of these
interactions primarily reflects the environmental

setting (climate, topography, ecoregion, etc.), the
periodicity of inundation (frequency, recurrence,
and extent of flow), substrate conditions (includ-
ing soil characteristics, access to water table, etc.),
and system history (e.g., the sequence of distur-
bance events and the interval since the last major
flood or fire).

Flow stage relationships (as influenced by chan-
nel morphology and capacity), determine the fre-
quency and periodicity of inundation of differing
geomorphic surfaces, affecting the capacity for
sediment reworking, patterns of deposition, soil
characteristics, depth to water table, and availabil-
ity of nutritional resources (Malanson, 1993; Hupp
and Osterkamp, 1996). These factors influence the
potential for germination and growth of vegetation
on different surfaces. Once established, vegetation
patterns induce resistance along river courses,
thereby affecting the geomorphic effectiveness of
flow events and the evolution of geomorphic sur-
faces (Richards et al., 2002). Resulting vegetation
patterns may range from systematic successional
associations induced by lateral migration of
channels, to patches characterized by abrupt
transitions, such as those associated with channel
abandonment along wandering gravel bed or anas-
tomosing rivers.

Riparian vegetation associations vary markedly
for different types of river in different environ-
mental settings. For example, the geomorphic role
of riparian vegetation and woody debris is quite dif-
ferent in arid and semiarid climates (whether hot
or cold desert conditions) relative to humid-
temperate or tropical settings. Markedly different
patterns of riparian vegetation are evident along,
say, upland swamps, gorges, meandering rivers in
rainforests, and alluvial plains in arid zones (Figure
2.8). In some settings, nutrient availability may be
a limiting factor to vegetation growth; elsewhere,
excess nutrients may promote weed infestation
and channel choking. Changes to the physical
template of a river may alter the presence, charac-
ter, and growth strategies of terrestrial and aquatic
vegetation and invasive weeds (see Table 2.5).
Secondary impacts may include alterations to or-
ganic matter and nutrient input, water tempera-
ture, and habitat availability.

Given the genetic link between riparian vegeta-
tion and recruitment of wood along rivers, load-
ings of woody debris vary markedly in different



Figure 2.8 Vegetation associations along different types of river in different environmental settings

A range of vegetation associations is shown for different types of river in Australia. River red gums characterize the
banks of arid zone rivers of central New South Wales such as the Macquarie River (a), and the Darling River at Bourke
(b). Swampland vegetation and reeds grow along discontinuous water courses such as those in tributary systems of
the Bellinger River, New South Wales (c), and the Macquarie Marshes of central New South Wales (d). Temperate
rainforest associations are found along rivers such as the Donaldson River, Tarkine Wilderness, Tasmania (e) and

the Thurra River, East Gippsland, Victoria (f). Along many rivers, exotic willows are a significant weed infestation
problem, as shown along the Lower Bega River, New South Wales (g).
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Table 2.5 Response of aquatic vegetation to channel adjustment (modified from Brookes, 1987).

Channeladjustment

Vegetation response

Width increase
unchanged.
Depthincrease
unchanged.
Coarsening of substrate

Increased biomass as available bed area for colonization is increased; species composition
Reduced biomass as light required for plant growth is attenuated with depth; species composition

Reduced biomass as availability of mixed substrate suitable for rooting of plants is decreased. Plant

cover may be eliminated from exposed bedrock areas. Species composition is altered.

Planform adjustment

Relocated channel colonized by plants; biomass and species composition remains the same as

substrate and channelmorphology are likely to be similarin the relocated channel.

environmental settings. In general, the type of
woody debris structures reflects vegetation type
(e.g., size, root networks, wood density) and river
morphology. For example, widely spreading or
multiple-stemmed hardwoods are more prone to
forming snags than accumulating as racked mem-
bers of large log jams because they extend laterally
as well as beyond their bole diameter. In contrast,
coniferous woody debris tends to produce cylin-
drical pieces that are more readily transported
through river systems, resulting in local concen-
trations of log jams (Montgomery and Piégay,
2003). Channel size determines whether spanning
or instream woody debris structures are formed.
The preservation potential of wood may also differ
in different climatic settings. For example, the
decay rate of wood in tropical rivers may be rapid,
while temperate streams may retain the same
pieces of wood for extended periods of time
(Nanson etal., 1995).

Changes to riparian vegetation and the distribu-
tion of woody debris modify the geomorphic struc-
ture of rivers, and vice versa. In some settings,
clearance of riparian vegetation and removal of
woody debris may result in near-instantaneous
geomorphic adjustments via incision and channel
expansion (e.g., Brooks et al., 2003; Brierley et al.,
in press). Resulting changes to the depth, area, and
frequency of pools may induce significant loss of
habitat (e.g., Montgomery et al., 1995b; Abbe and
Montgomery, 1996; Beechie et al., 2001; Collins
and Montgomery, 2001). Given the enlarged chan-
nel capacity, the role of remaining woody debris
differs from its original function. Indeed, the lack
of large trees along riparian corridors inhibits natu-
ral recruitment of woody debris.

Maintenance of a riparian buffer strip in forestry
management reduces impacts from increased
suspended loads, protects banks, controls direct
deposition of pollutants, and preserves stream
habitat (through shade and food production). Even
anarrow riparian strip may fulfill important func-
tions in the filtering of water, nutrients, and sedi-
ment, and regulation of water temperature and
light.

Given the importance of riparian vegetation as a
determinant of geomorphic and biotic interactions
along rivers, it is scarcely surprising that manage-
ment of riparian vegetation and woody debris is a
core component of many river rehabilitation pro-
grams. However, it must always be recognized that
many types of river in different environmental set-
tings naturally have sparse vegetation associations
and little in the way of woody debris along their
channels. Each river plan must therefore consider
what is appropriate or “natural” for that type of
river in that environmental setting. Vegetation
that is endemic to the region should be planted
on suitable geomorphic surfaces. This should be
tied to weed eradication or suppression strategies.
Similarly, wood placement can enhance habitat
formation. In many cases, however, lessons learnt
from near-pristine remnants may provide little
guidance in endeavors to rehabilitate degraded
rivers.

2.3.5 Use of geomorphology as an integrative
physical template for river management

A geomorphic template aids the design and imple-
mentation of river rehabilitation strategies that
aim to enhance the functioning of aquatic ecosys-
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Figure2.9 Secondary geomorphic controls on various biophysical attributes of rivers

Water quality is a critical factor in assessments of river health. Many rivers may naturally be turbid or contain high
levels of tannin. For example, Frankland River in Tasmania (a) has a high level of tannins because of slow water
retention/release from buttongrass swamps and riparian rainforest cover. The storage and residence time of organic
matter is controlled by the geomorphic structure and hydraulic conditions at different positions across and down the
channel. Backwaters and pools, shown along Upper Tantawangalo River, New South Wales (b), tend to be areas of high
organic matter storage. Analysis of water chemistry (quality and pH) must be placed in context of the catchment
geology and soils, and the sediment transport regime of the river. For example, fine grained rivers such as the Darling
River at Wilcannia (¢) in central New South Wales, tend to be more turbid than gravel bed rivers such as the Wilson

River on the North Coast of New South Wales (d).

tems. Changes to the geomorphic character
and behavior of rivers may induce secondary
adjustments to biotic and chemical interactions,
impacting upon the thermal regime of a river, the
production, processing, and retention of nutrients
and organic matter, and their role in food web
processes. Other measures of aquatic ecosystem
functioning may also be affected, such as water
quality, pH, etc. (see Figure 2.9). For example,
flow-sediment interactions are primary determi-
nants of the distribution and retention of coarse,
particulate, organic matter along rivers. Altered

hydraulic conditions may change the stream’s
species assemblage and associated predator-prey
relationships. An ecosystem approach that ap-
praises the interaction of biophysical processes is
required if river health is to be conserved or im-
proved. Long-term management success will not
be achieved by considering individual reaches in
isolation from their catchment context. The oper-
ation of biophysical fluxes requires that due regard
must be given to appraisal of natural patterns and
rates of biophysical linkages (or connectivity) in
any given setting.
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2.4 Working with linkages of biophysical processes

Ecosystem approaches to river management are
framed in terms of the spatial organization of
landscapes and associated linkages of biophysical
processes (see Figure 2.10). Indeed, various core
concepts in aquatic ecology analyze patterns,
processes, and linkages in space and time.

Chapter 2

Examples include the River Continuum Concept
(Vannote et al., 1980; Sedell et al., 1989), the Serial
Discontinuity Concept (Ward and Stanford, 1983;
1995a, b; Stanford et al., 1988), the Nutrient
Spiralling Model (Newbold, 1992), the Flood Pulse
Concept (Junk et al., 1989; Tockner et al., 2000),
and the Hyporheic Corridor Concept (Stanford and
Ward, 1993). These various concepts view ecologi-
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Figure 2.10 Spatial dimensions of
landscape connectivity

Patterns of longitudinal, lateral,

and vertical connectivity vary in
headwater, midcatchment, and
lowland sections of rivers, affecting
the function of sediment source,
transfer, and accumulation zones. In
thisidealized catchment, an array of
biophysical linkages is portrayed

in each zone (see text for detail). In
river rehabilitation planning, these
considerations must be appraised on
a catchment-by-catchment basis.
Modified from Sear and Newson
(1993). CPOM = coarse particulate
organic matter; FPOM = fine
particulate organic matter.
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cal connectivity and biotic response as a function
of physical stream structure at different spatial and
temporal scales (Poole, 2002).

Within these frameworks, linkages are variously
appraised in terms of longitudinal (upstream-
downstream, tributary-trunk stream), lateral
(slope—channel, channel-floodplain), vertical (sur-
face-subsurface and inundation levels), and tem-
poral dimensions (Ward, 1989; Stanford and Ward,
1996). The River Continuum Concept and Serial
Discontinuity Concept address community struc-
ture as a function of longitudinal connectivity in
water movement at the same hierarchical scales
(catchment and segment scales). In both concepts,
longitudinal connectivity is influenced by transi-
tions in stream structure between stream seg-
ments. While the River Continuum Concept
assumes that the stream segment metastructure
contained within the network forms a continuum,
the Serial Discontinuity Concept focuses on
abrupt transitions between adjacent segments
with dissimilar physical structure (e.g., canyon to
floodplain, lake to stream; Poole, 2002). In
contrast, the Flood Pulse Concept and the
Hyporheic Corridor Concept address lotic ecosys-
tem function at finer spatial scales (segment to
habitat unit) and focus on lateral and vertical con-
nectivity as drivers of community structure and
dynamics. Changes in flow energy associated with
flood pulses modify patterns, processes, and rates
of erosion and sedimentation, impacting on the di-
versity, distribution, and function of habitat patch-
es (Hughes, 1997; Tockner et al.,, 2000). For
example, channel dynamics create new surfaces
for colonization and regeneration (e.g., Richards et
al., 2002).

In river management applications, these link-
ages are most meaningfully analyzed and integrat-
ed at the catchment scale. At this scale, segments
are ecologically connected in the longitudinal di-
mension. However, the longitudinal arrangement
of segments within each catchment is unique and
dynamic, such that patterns and/or phases of dis-
continuity may be evident over time (e.g.,
Townsend, 1996; Rice et al., 2001; Poole, 2002).
Changes to the arrangement of patches along a
river’s course may alter the ecological dynamics of
the system, even if the relative proportion of patch
types remains the same (Fisher et al., 1998; Poole,
2002).

The spatial configuration of a catchment reflects
the character and distribution of landscape units,
framed in context of their broader tectonic, climat-
ic, and ecoregion setting (Table 2.1). Longitudinal
linkages include upstream-downstream and
tributary—trunk stream fluxes of water, sediment,
andnutrients (e.g., Lane and Richards, 1997; Figure
2.10). The cascading nature of these interactions is
influenced by the pattern and extent of coupling in
each subcatchment. Appraisal of these linkages is
required to assess how off-site impacts such as
sediment release, decreased water supply, or
nutrient influxes affect reaches elsewhere in the
catchment. The distribution of river types in each
subcatchment, and how they fit together in the
catchment as a whole, provides a physical basis to
interpret these linkages.

Lateral linkages include interactions between
slopes and channels, and channels and flood-
plains (Figures 2.10-2.12). In coupled systems,
water, sediment, and nutrients are transferred
directly from hillslopes to the channel network.
Conversely, in decoupled systems, materials are
stored for differing intervals of time in various
features between the hillslope and the channel.
Channel-floodplain connectivity reflects the two-
way transfer of water, sediment, and nutrients
between channel and floodplain compartments.
These relationships exert a critical influence on
the ecological health of some aquatic ecosystems.
For example, the Flood Pulse Concept theorizes
that various characteristics of the flood regime act
as the principal driving force behind the existence,
productivity, and interaction of diverse biota at
different positions within catchments (Junk et al.,
1989; Naiman and Bilby, 1998).

Vertical linkages record elevation-induced
variations in biophysical fluxes (Figure 2.10).
Examples include inundation levels of differing
geomorphic units and the connectivity of surface
and subsurface flow pathways. Hyporheic zone
processes maintain hydrologic exchange and nu-
trient transformation between surface waters and
alluvial groundwaters of the phreatic zone. This
zone may extend a considerable distance beyond
the channel margin beneath the floodplain
(Stanford and Ward, 1988).

Building on the River Continuum Concept pro-
posed by Vannote et al. (1980), various forms of
biophysical linkage can be inferred for an idealized
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(a) Slope—channel coupling
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Figure 2.11 Slope-channel connectivity in different
landscape settings

Slope-channel connectivity varies depending on
landscape setting and the position of the channel on the
valley floor. In settings where slopes and channels are
coupled (a), sediment is directly delivered from slopes
to the channel network. This may take a number of
forms including (1) landslides, (2) alluvial fans, or (3)
gully/badlands. In settings where slopes and channels
are decoupled (b), sediments derived from hillslopes
are not delivered directly to the channel network.

The hillslopes and channels are often buffered by
floodplains, and the system is disconnected. Sediments
are either restored on-slope, at the base of slopes as fans
(4), orin trapped tributary fills behind levees (5).

catchment, as shown in Figure 2.10. In confined
headwater reaches, slopes and channels are cou-
pled, such that water, sediment, and nutrients are
readily conveyed from the surrounding catch-
ment. These zones also act as vegetation seed
sources. Coarse particulate organic matter, such as
leaves and woody debris, is contributed directly
from adjacent hillslopes and riparian vegetation

to the channel network, where it is processed by
macroinvertebrate “shredders.” Floodplain pock-
ets are virtually nonexistent, limiting channel-
floodplain connectivity. Similarly, hyporheic zone
functioning is limited by the imposed bedrock
nature of these settings.

Midcatchment locations are characterized by
transfer reaches with strong longitudinal con-
nectivity. Discontinuous pockets of floodplain
produce irregularities in slope-channel and
channel-floodplain connectivity. Tributaries may
be locally trapped behind floodplain pockets, dis-
connecting some lower order drainage lines from
the trunk stream. Coarse particulate organic mat-
ter is broken down to produce finer particles that
are readily transferred downstream. As bedrock is
prominent on the channel bed, water and nutrient
exchange in the hyporheic zone is restricted to
areas of gravel bars.

Lowland plains act as accumulation zones with
extensive sediment storage both instream and on
the floodplain. Channel-floodplain connectivity
is high, with ongoing exchange of water (surface or
subsurface), sediment, and nutrients. Flood pulses
may maintain wetlands and their related habitats.
Sediments and attached nutrients can reside in
these floodplains for considerable periods of time.
Slopes and channels tend to be decoupled, as mat-
erials supplied from low-slope hillslopes are stored
for extended periods at valley margins (Figures
2.11 and 2.12). These sediments only reach the
channel network if floodplain reworking occurs.
Some lower order tributaries may be disconnected
from the trunk stream, effectively trapped behind
levees. As channels tend to be wider in these loca-
tions, inputs of fine, particulate, organic matter
from upstream tend to outweigh direct input of
coarse, particulate, organic matter from the adja-
cent riparian zone. The macroinvertebrate assem-
blage has shifted towards “collectors” that feed on
fine, particulate, organic matter. Vertical linkages
of biophysical processes are more pronounced in
these zones, as surface-subsurface exchange of
water and nutrients is promoted by permeable
alluvial materials stored along the valley floor.

Recognizing that the effectiveness of biophysi-
cal linkages may vary markedly in both space and
time, an emerging perspective in ecology and geo-
morphology examines controls on the disconnec-
tivity and the discontinuum of various processes.
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Figure2.12 Different forms of (de)coupling

Forms of coupling include (1) landslides, (2) alluvial fans, or (3) gully/badlands. (1) The Tarndale landslide in New
Zealand has delivered massive volumes of sediment to the Waiapoa River, North Island, New Zealand. (2) The
Fortaleza landslide in Brazil led to the formation of an alluvial fan that delivered sediment directly to the channel
network. (3) Badlands in the Rhone Basin, France, deliver sediment directly from hillslopes to the channel. Forms of
decoupling include alluvial fans formed at the base of slopes (4) and trapped tributary fills behind levees (5). The
Mararoa fan in New Zealand (4), is shown spilling onto the floodplain. A tributary system is trapped behind a low lying
levee along the Macdonald River, New South Wales (5). The levee is located in the background of the photograph.

Forexample, a discontinuum view of river systems
can be applied to analyze the ecological impor-
tance of each stream’s individual pattern of habitat
transitions along longitudinal, lateral, or vertical
vectors at any scale (Ward, 1989; Ward and
Stanford, 1995a, b; Naiman and Bilby, 1998; Poole,
2002). In geomorphology, these notions are framed
primarily in terms of the coupling or connectivity
between landscape compartments (e.g., Fryirs and
Brierley, 1999; Harvey, 2001, 2002; Hooke, 2003).
Various buffers, barriers, and blankets may disrupt
sediment transfer processes and the operation of
associated biophysical fluxes (Figure 2.13). Buffers
disrupt longitudinal and lateral linkages within
catchments, preventing sediment from entering
the channel network. Barriers impede down-
stream conveyance of sediment once it has
reached the channel network. Finally, blankets
refer to features that disrupt vertical linkages in
landscapes, by smothering other landforms. The
distribution and effectiveness of buffers, barriers,
and blankets reflect catchment specific configura-

tion, landscape history, and system responses to
disturbance events. Any change to the pattern and
operation of these features impacts significantly
on sediment conveyance and other biophysical
fluxes.

Given that catchment configuration influences
the pattern and rate of process linkages in any
given system, changes to geomorphic river struc-
ture and function in any compartment may result
in changes to the longitudinal, lateral, and vertical
linkages of biophysical processes within the catch-
ment as a whole. Responses to (dis)connectivity
may be manifest over differing time periods, with
varying lag times. An example of how human dis-
turbance has altered a catchment-wide pattern and
operation of biophysical fluxes is presented in
Figure 2.14.

Given the biophysical feedbacks inherent to
healthy aquatic ecosystems, proactive river
rehabilitation programs will not be derived unless
reach-based understanding of biophysical process-
es is framed within a catchment context. The
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catchment specific nature of linkages such as sedi-
ment movement, water transfer, and seed disper-
sion are critical factors in determining what can
realistically be achievedin each reach. Concern for
big-picture linkages in landscapes, among many
factors, has lead to the conclusion that large-scale
projects, although not always economically or so-
cially feasible, may offer the greatest potential for
effective river rehabilitation (Shields et al., 2003).
It is only through bigger-picture appraisals of land-
scape forms and processes, and their ecological as-
sociations, that appropriate understanding of the
diversity of river systems can be gained, enabling
due regard to be placed on representative or unique
sites.

2.5 Respectdiversity

Unless river management frameworks respect
diversity, appreciate controls on the nature and
rate of landscape change, and recognize how alter-
ations to one part of ecosystems may affect other
parts of that system, efforts at environmental man-
agement are likely to be compromised. Ecosystem
approaches to river rehabilitation embrace the in-
herent complexity of the natural world, promoting
“naturalness” as a goal. Such endeavors strive to
attain the best achievable river structure and
function under prevailing catchment conditions.
If management programs aim to maintain or estab-
lish a truly “natural” river character, with natural-
ly adapted flora and fauna, target conditions must
replicate the inherent variability and evolutionary
tendencies of river forms and processes in any
given environmental setting.

Any perception of how the real world looks
or behaves requires the derivation of intellectual
constructs with which to break down reality into
meaningful parts, such that understanding can be

A

communicated in an effective way. Categorization
is the main way of making sense of experience.
Attachment of labels to designated categories that
possess discrete qualities provides a common basis
for communication. As noted by Bail (1998, p. 70),
naming and classifying things lies at the heart of
human understanding of the world — at least it of-
fers that illusion. Ideally, ordering of information
provides a clear, systematic, and organized method
with which to view reality. Classification refers
to the determination of groups with a common
yet discrete set of attributes, enabling interpreta-
tion of the complexity and variability that exists
within a large group of objects. If successfully
applied, classification schemes enable items to
be described quickly, easily, and accurately,
providing a basis for effective comparison and
communication.

Intellectual constructs are required with which
to interpret, record, and communicate discrete
variants of river morphology. Ideally, such frame-
works convey an understanding of formative
processes, enhancing their explanatory and pre-
dictive capability. Adopted procedures should be
open-ended, yet applied in a consistent and non-
prescriptive manner. By allowing each field situa-
tion to “speak foritself,” due regard is given to the
uniqueness and/or rarity of differing river types.
Indeed, exceptions to generalized observations
may be the things that should be targeted in man-
agement programs, as they may represent critical
areas for maintenance of biodiversity. Distinctive
or unique attributes of river courses must first be
identified and characterized if they are to be main-
tained, protected, or enhanced. Identification of
“unique” reaches or remnants of “rare” reaches
forms an integral starting point in conservation
programs. Seemingly, exercises that document
variability in river character and behavior in any
given catchment continue to reveal further

<

Figure 2.13 Buffers, barriers, and blankets

Buffers are landforms that prevent sediment from entering the channel network by storing it in (a) swamps,
Wingecaribee Swamp, New South Wales, (b) piedmonts, Flinders Ranges, South Australia, (c) trapped tributary fills,
Wolumla Creek, NSW, (d) alluvial plains or floodplains, Aberfoyle River, New South Wales. Once sediment is supplied
to the channel network, barriers impede downstream conveyance through their control on base level. Barriers include
(e) bedrock steps, Far North Queensland and (f) dams, Gordon Dam, Tasmania. Blankets are features that smother
other landforms and include (g) floodplain sand sheets, Lower King River, Tasmania, and (h) fine material that clogs

the interstices of gravels, King River, Tasmania.
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variants of previously undocumented types of
river. For example, in the Richmond catchment of
northern New South Wales, Australia, previously
uncharacterized discontinuous sand bed and
multichannel sand belt rivers were identified
(Goldrick et al., 1999). Sadly, systematic baseline
data on the diversity of river forms and processes
are not available across much of the planet.
Ultimately, however, no magic number of river
types can meaningfully represent the spectrum of
morphological complexity.

Information on the diversity and abundance of
river types, their condition, and associated ecolog-
ical values provides a critical starting point for
management activitiesin any given catchment/re-
gion. Such information enables reaches with simi-

A

lar/dissimilar characteristics to be differentiated,
providing a basis to compare like-with-like and
extrapolate from one area to another. This enables
lessons learnt to be transferred in a meaningful
manner from reach to reach. Identification of river
type aids analysis of what types of management
problems are to be expected where. Meaningful
river classification procedures also provide a basis
to assess biodiversity value.

The reductionist nature of modern science has
resulted in numerous discipline-based approaches
toriver classification (see reviews in Mosley, 1987;
Naiman et al., 1992; Downs 1995). Unfortunately,
most schemes merely describe components of sys-
tem structure, they are neither integrative nor
functional, and they cannot be applied reliably

<

Figure 2.14 Human-induced changes to catchment-scale biophysical linkages in Bega catchment, Australia:

Implications for river management

Human-induced changes to the geomorphic structure and function of river courses in Bega catchment in the period
since European settlement have significantly altered the sedimentary cascade and longitudinal, lateral, and vertical
connectivity throughout the catchment. The catchment maps note the distribution of source, transfer, and
accumulation zones in Bega catchment prior to European settlement and today. (a), (b), and (c) show pre- and
postdisturbance cross-sectional geomorphic structure of rivers in upper, middle, and lowland parts of the catchment.
The thickness of the arrows between each section indicates dramatic adjustments in the longitudinal connectivity of

the sediment flux.

Prior to European settlement, most base of escarpment settings in Bega catchment contained discontinuous
watercourses or intact valley fills with no channels. These valley fills had accumulated sediments since around

6,000 years BP (Fryirs and Brierley, 1998), acting as buffers that disconnected much of the upper catchment from the
sediment cascade (Brierley et al., 1999). The unincised nature of the valley floor buffered many lower order tributaries
from gullying processes (Brierley and Fryirs, 1999). Many upland hillslopes were disconnected from the sedimentary
cascade (Fryirs and Brierley, 1999). Although bedrock-controlled valleys dominate midcatchment locations, low rates
of sediment supply are inferred prior to European settlement. Hence, rates of sediment accumulation on the lowland
plain were relatively low, and the channel capacity decreased downstream (Brooks and Brierley, 1997). While channel-
floodplain connectivity was high (i.e., sediments were continually being added to the floodplain), the floodplain acted
as a significant buffer to sediment evacuation from the catchment.

Following European settlement, incision has transformed most intact valley fills into continuous watercourses,
increasing the longitudinal connection of sediment movement through the upper parts of the catchment (Brierley et
al., 1999). As these channels widened, they locally removed the fill that previously buffered tributaries from the trunk
stream, prompting the formation of extensive gully networks (Brierley and Fryirs, 1999). Tributary—trunk stream
connectivity has increased across much of the upper catchment. To accommodate the resulting sediment slug,
downstream channels that previously contained floodouts became incised and enlarged, greatly increasing the
flushing potential of the system. Bedrock-controlled, high energy, midcatchment reaches efficiently conveyed
large volumes of material downstream in a relatively short period of time (i.e., within decades). In response, and in
conjunction with the removal of riparian vegetation, the capacity of the channel along the lowland plain increased
by over 300% (Brooks and Brierley, 1997). Large sand sheets blanketed the floodplain, maintaining high channel-
floodplain connectivity. However, the channel became transport-limited, as it was unable to transport the large
volume of sediment supplied from upstream (Fryirs and Brierley, 2001). This forms a barrier to sediment movement,
restraining the transfer of the sediment slug which now acts as a plug along the lowland plain. Although pulses of
sediment move episodically to the estuary, sediment delivery to the coast remains low. This understanding has
provided a critical platform for river rehabilitation initiatives in the catchment (see Brierley et al., 1999, 2002).
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outside the disciplines from which they were
derived (Mosley, 1987; O’Keeffe et al.,, 1994,
Goodwin, 1999). River management frameworks
need a clear, systematic, and organized method
with which to view reality. Despite many concert-
ed efforts, a cross-disciplinary river classification
framework of general applicability has yet to be
developed (Naiman et al., 1992; Uys and O’Keefe,
1997). Many procedures are unduly rigid and
categorical in their structure and application.
Simplification of real world complexity may mean
that significant components of the natural world
are overlooked, misrepresented, or misunder-
stood. Unexplored situations may be unique. If the
integrity of such a site is compromised, society
may lose something that it didn’t even know exist-
ed! An open-mind must be maintained. While in-
dividual reaches may have similar attributes and
behavioral traits, their evolutionary trajectories
may be quite different. A precautionary approach
toriver management ensures that minimally inva-
sive strategies are applied whenever uncertainty
prevails.

It is increasingly clear, however, that a classifi-
cation scheme based on geomorphology alone will
not provide a means to order ecological variability
(Newson et al.,, 1998b; Thomson et al., 2004).
Complex interactions of geomorphic, hydrologic,
and biotic feedbacks that operate over multiple
spatial and temporal scales ensure that consider-
able natural variation may be evident in the range
of biophysical processes observed in any particular
geomorphic river type. Moves towards the devel-
opment and application of more integrative bio-
physical perspectives in river management should
not be derailed, in any way, by the challenges faced
in the quest to develop a unifying river classi-
fication framework. Ultimately, intellectual
constructs must have practical and meaningful ap-
plication “on-the-ground.” Prescriptive approach-
es to analysis based on black box procedures will
not provide sustainable answers in the long term.
The reemergence of landscape ecology, with its
emphasis on biophysical patterns, processes,
scale, and evolution, framed in a landscape con-
text, provides fertile ground for development of
new approaches to enquiry and management ap-

plications. Appreciation of the geomorphic tem-
plate of any given system provides a platform
upon which to ground these cross-disciplinary
developments.

2.6 Summary

Landscapes comprise mosaics of genetically-
linked components. In different process zones,
landforms of differing sizes and longevity are
formed and reworked by different sets of processes
overarange of timescales. This controls the nature
and strength of biophysical linkages and fluxes
along a river course. Analysis of the structure,
function, and distribution of river types enables
reach-specific attributes to be set within their
catchment context, assessing catchment-scale
linkages of geomorphic processes, and propagatory
and cumulative effects of disturbance responses
that drive geomorphic processes and change.
Geomorphic responses to changes in biophysical
fluxes are likely to be landscape and timeframe
specific. Classification of river type at the reach
scale does not, in its own right, provide an appro-
priate basis for river management activities.

Proactive management programs that strive to
preempt change and improve river condition by
enhancing “natural” recovery must “work with
nature,” respect the inherent diversity of river
forms and processes, and consider catchment-
scale linkages of biophysical processes. A geomor-
phic template provides a physical basis to link
aquatic and terrestrial ecosystems in a coherent
approach to landscape ecology. Catchment-scale
perspectives integrate our understanding of longi-
tudinal, lateral, and vertical process linkages. Such
insights are required to explain the present-day
condition of a river, to interpret off-site and/or
lagged responses to disturbances, to predict likely
future river adjustments, and to ensure that river
rehabilitation strategies focus on the underlying
causes rather than the symptoms of change.
Hence, spatial considerations in river manage-
ment applications must be linked directly to
temporal patterns and rates of adjustment, as em-
phasized in the following chapter.
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Temporal considerations in aquatic
ecosystem management

All classifications based on existing channel morphology . . . fail to account for dynamic
adjustment or evolution of the fluvial system. Increasing recognition of the fact that rivers
are seldom in dynamic equilibrium has driven a desire on the part of engineers and
managers to be able to predict channel changes in the short and medium term. In response,
geomorphologists have begun to develop new schemes of river classification based on
adjustment processes and trends of channel change rather than existing channel morphology

and sediment features.

3.1 Chapter structure

In this chapter, variable patterns and rates of river
response to disturbance events are framed in their
evolutionary context. Rivers are viewed to operate
in a state of perpetual adjustment, rather than
oscillating around an equilibrium form, present-
ing an intriguing contrast between engineering
and ecosystem perspectives on river change
(Section 3.2).In Section 3.3, timeframes of river ad-
justment are assessed. Spatial and temporal
themes are combined in Section 3.4 to examine the
balance of impelling and resisting forces along
river courses, and how they change over time.
These considerations are used to develop a frame-
work with which to explain controls on river char-
acter and behavior. Longitudinal profiles are used
as a basic tool to perform this synthesis. Finally,
approaches to prediction in geomorphology are
outlined in Section 3.5.

3.2 Working with river change

Rivers are never static entities. Indeed, change is a
natural and a vital component of aquatic ecosys-
tem functioning. A stable, nonadjusting ecosys-
tem is an unhealthy one - it is functionally dead!
Increasing efforts to promote the values of vibrant,
living systems mark a transition beyond engineer-

Colin Thorne, 1997, p. 213

ing perspectives on river health which subsume
“natural” values within a perspective of human
dominance of the physical world.

The character, rate, and permanence of river
changes have enormous implications for river
management. River management programs that
work with change must build on knowledge of
how and why rivers adjust their morphology, and
what fashions the magnitude and rate of change. In
order to address the causes rather than the symp-
toms of river change, practitioners must integrate
assessments of what rivers look like with ap-
praisals of how they work. Whether adjustments
occur through barely perceptible changes over mil-
lennia, systematic patterns of change over hun-
dreds of years, or catastrophic responses to floods
over hours or days, understanding of evolution
underpins applications of principles from fluvial
geomorphology in river management practice.
System dynamic, sensitivity to change, and proxi-
mity to threshold conditions are critical consid-
erations in interpretations of river condition and
trajectories of change, and related assessment of
the potential for geoecological recovery.

The nature and rate of river responses to human
disturbance vary markedly from reach toreach and
from catchment to catchment, reflecting the sen-
sitivity of the landscape to change and the type and
extent of disturbance. In many instances, human
actions have altered “natural” patterns and rates
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of change. In some cases, these changes are irre-
versible, and river systems now operate within a
different set of boundary conditions.

In this book, river behavior is defined as adjust-
ments to river morphology induced by a range of
erosional and depositional mechanisms by which
water moulds, reworks and reshapes fluvial land-
forms, producing characteristic assemblages of
landforms at the reach scale (see Chapter 5). Some
systems are inherently more prone to adjustment
and are more sensitive to physical and biological
disturbance than others. For example, the natural
proportion of eroding banks varies markedly for
differing types of river. Bank erosion is unexpected
along discontinuous watercourses such as a chain-
of-ponds, but natural patterns of bend migration
along gravel-bed meandering rivers may result in
active erosion along up to 50% of banks.

Some disturbance events may fundamentally
alter geomorphic structure and function, poten-
tially inducing a different suite of biophysical in-
teractions. Thisisreferred to asriver change, and is
defined as adjustments to the assemblage of geo-
morphic units along a reach that record a marked
shift in river character and behavior (see Chapter
6). In general terms, river change occurs when an
intrinsic or extrinsic threshold is breached, trans-
forming channel geometry, planform, and the as-
semblage of geomorphic units alongareach. These
wholesale changes severely impact on the struc-
tural integrity and ecological functioning of a
river.

In recent decades there has been a shift in the
way river change is perceived and tackled in river
rehabilitation practice. Theriver engineering para-
digm that emerged during the industrial revolu-
tion viewed nature to provide boundless resources
to be conquered and utilized by human endeavor.
Wherever rivers could be readily exploited by
society through measures to control, divert, chan-
nelize, or dam them, they generally were.
Management practices reflected human desires
for simple, efficient, and predictable systems that
enhanced prospects for economic development.
Rivers were viewed as conduits with which to
maximize the conveyance of water, sediments,
and environmental “waste products” through
uniform, stable, hydraulically smooth channels.
Despite, or maybe because of, the profound
changes to river character that have taken place

following human disturbance, management
efforts emphasized the need for “stable” rivers.
Principles of regime theory, originally devised by
hydraulic engineers as part of canal design specifi-
cations, were applied to create uniform channels
with a prescribed hydraulic regime (the classic
trapezoidal channel). Roughness elements such as
riparian vegetation and woody debris were consid-
ered to produce messy, complex, and irregular
channels, creating uncertainty and reducing pre-
dictability in what was ostensibly a “controlled”
environment (Williams, 2001).

When ecological impacts became so pronounced
that societal alarm was raised, the engineering
mind-set engendered a sense that problems could
be rectified using the next variant of technological
development (technofix). Reactive management
practices were applied to maintain and protect
infrastructure, navigation, and flood protection/
mitigation networks. However, in endeavors to
stabilize channels, many engineering practices ac-
centuated their instability (e.g., Leeks et al., 1988;
Bravard et al., 1997). Imposing a stable channel
through “training,” “improvement,” or “stabiliza-
tion” techniques, or “normalized” flow regimes,
will not result in sustainable or healthy river sys-
tems. Indeed, planning for “mean” conditions is
unsympathetic to the natural range of biotic and
geomorphic process activity. In many ways, the in-
herent variability of river behavior and responses
to disturbance drives the functioning of aquatic
ecosystems. Instability is a key attribute of many
systems. Suppression of the natural tendency of
rivers to adjust limits the capacity of systems to
self-heal. Anything that compromises the ecologi-
cal integrity of river systems leaves society worse
off in financial, cultural, social, and environmen-
tal terms.

Rivers that were physically transformed and
ecologically ruined to facilitate industrial and
agricultural developments are now receiving
increasing societal demands for rehabilitation.
Contemporary management activities endeavor
to rectify human impacts on aquatic ecosystems
through more harmonious approaches to envi-
ronmental management, aiming to minimize the
prospects of further damage, and repair the damage
that has already occurred. A paradigm shift in
river management practice is underway, marking
the transition from an engineering-dominated
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Table 3.1 Attributes of engineering- and ecosystem-based approaches to river rehabilitation (based on Williams, 2001;

Carr, 2002; Hillman and Brierley, in press).

Engineering-based approach

Ecosystem-based approach

Top-down approach driven by Governmentagencies
(i.e., politically driven).

Single purpose, deterministic, emphasizing the desire for
certainty in outcomes.

Outcome-driven, goal-oriented.

Perceives technical problems requiring technical
solutions.

Site-specificorreach-scale applications are typically
framed in the quest for stability over decadal
timeframes with a construction focus.

Limited accountability. If present, monitoring is
externalized, with maintenance divorced from design.

Extension science engaged to educate people about
the environment.

Bottom-up (or middle ground, consultative) approach expressed
within a participatory framework, reflecting interdisciplinary
understanding within the broader community.

Multiobjective, probabilistic, with explicit recognition of
uncertainty and complexity.

Emphasis placed on processes and outcomes, means and ends.

Perceives problems as symptomatic of wider socioeconomic,

cultural, and biophysical considerations.

Catchment-framed rehabilitation programs recognize natural

variability over centuries or millennia using a continuum of
interventions.

Long-term commitment. Monitoring is internalized and

maintenance is a core management (community) activity.

Action research used for mutual learning by all practitionersin

rivermanagement.

emphasis that endeavors to control nature, to-
wards a more inclusive ecosystem-framed ap-
proach that strives to work with nature (Williams,
2001; Hillman and Brierley, in press; see Table 3.1).
Such endeavors emphasize the physical and eco-
logical integrity of living, variable, dynamic, and
evolving aquatic ecosystems, endeavoring to let
the rivers “run free” (Everard and Powell, 2002).
Whereas river engineering activities emphasize
empirical “solutions” to site-specific or reach-
scale issues, fluvial geomorphologists tend to
adopt a broader, catchment-scale perspective that
emphasizes the physical integrity of the drainage
basin and the close links between catchment and
river dynamics (Knighton, 1998). In the ecosys-
tem-based approach to river management, skills
and insights from geomorphologists and engineers
are considered to be complementary. Regime
assumptions are reframed in light of evolutionary
insights, providing a clearer understanding of
the variable sensitivity of rivers, interpretation of
threshold conditions, and the circumstances that
lead to instability. River managers now have at
their disposal arange of strategies that extend from
minimally invasive maintenance programs to
large-scale structural engineering works (Figure
3.1). Rather than placing undue emphasis on at-
tempts to restore the population of a single species

or individual forms, the emerging river manage-
ment paradigm aims to restore ecological pro-
cesses and habitats by enhancing natural recovery
processes using environmentally sympathetic
(soft or sensitive) engineering practices (e.g., Hey,
1994; Gilvear, 1999; Hooke, 1999).

The mind-set with which river rehabilitation
practices are applied bears critical relation to per-
ceptions of their success. Unless project designers
recognize the diversity, variability, and uncer-
tainty of river systems, their activities continue
to work within an ethos of “control.” Although
many management programs now refer to goals ex-
pressed in terms of environmental restoration
rather than flood control or navigation, the sim-
plification of the riverine system and the faith
in human modifications is strikingly similar
(Kondolf, 1995). Piecemeal, reactive strategies do
not provide efficient and cost-effective ways to
achieve rehabilitation success (e.g., Bravard et al.,
1997). Costs for repair and maintenance are exces-
sive. Catchment-scale rehabilitation programs in-
tegrate spatial and temporal dimensions of change,
recognizing explicitly system-specific linkages of
biophysical processes and unique landscape his-
tories (Brierley et al., 2002). Proactive plans are
designed with a future-focus, framing target con-
ditions for individual reaches within their
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Figure3.1 Examples of “hard” and “soft” engineering practices

Hard engineering structures are applied to protect infrastructure. Examples include (a) rockwalls, Singleton, New
South Wales, Australia, (b) Sabo dams, Hokkaido, Japan, and (c) rock groynes, Wilson River, New South Wales,
Australia. Soft engineering practices are ecologically based practices that aim to enhance natural recovery processes
and include (d) engineered log jams, Williams River, New South Wales, Australia, (e) T-jacks, Gloucester River, New
South Wales, Australia, and (f) fencing off and planting of riparian zones, Dorrigo, New South Wales, Australia.

catchment context, recognizing the changing
character, pattern, and linkages of landscape forms
and processes. As systems adjust to management
treatments, ongoing maintenance is required to
ensure that rehabilitation and conservation objec-
tives are attained.

Evolutionary thinking that emphasizes system
dynamics and the capacity for change is a core
component of ecosystem approaches to river man-
agement. Reconstruction of the past provides a
means to test models of change which, if verified,
can be used to predict likely future river behavior.
Timeframes of river adjustment that underpin this
thinking are appraised in the following section.

3.3 Timescales of river adjustment

Adjustments to biophysical processes in river
systems occur over a wide range of timescales
(Table 3.2). Interactions among flow, sediment, and
biotic considerations are shaped in differing ways
in different environmental settings, reflecting

catchment-specific sets of imposed boundary
conditions, the operation of flux boundary condi-
tions, and system history. In simple terms,
short-term adjustments to the balance of flow and
sediment along a reach trigger different biotic re-
sponses over daily, seasonal, orannual timeframes.
Despite ongoing sediment movement, landscapes
may appear to be relatively static over short
(hourly, daily, weekly)intervals. Although erosion,
sediment transport, and deposition modify land-
scape forms over annual or decadal timeframes, ad-
justments from a characteristic state may be barely
discernible. For example, bedforms move down-
stream, bars adjust their morphology and position,
and bends migrate, without altering the broad con-
figuration of a reach. Channel adjustments are
commonly observed over decadal intervals, while
floodplain adjustments typically occur over longer
(centennial) timeframes. When considered in con-
text of environmental changes over thousands of
years, the boundary conditions under which rivers
operate may themselves be modified, bringing
about interconnected sets of river adjustments.
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Table 3.2 Timescales of some major phenomena that structure patterns and processes in riverine landscapes (modified

from Ward et al., 2002 and Richards et al., 2002).

Timescale Phenomenon

Seasonal Spates, flow pulses, expansion/contraction of the active channel zone, bedform adjustments, seed dispersal

Annual Flood pulse, seedling establishment, animal migration, reproduction, shallow groundwater exchange, bed
material reorganization

Decadal Drought cycles, episodic events (extreme floods, debris flows), bar formation and reworking, lateral channel
migration, channelavulsion, island formation, channelabandonment, local adjustments to vegetation
associations

Centennial Floodplain formation, migration of sediment waves/slugs, hydrosere and riparian succession, deep ground
water exchange

Millennial Terrace formation, glaciation, climate change, sea-level fluctuation, orogeny, base level adjustments, channel

incision, aggradation

Climatic, tectonic, and base level influences drive
landscape evolution, resultingin sustained erosion
ordeposition (orabalance thereof)in differingland-
scape compartments. Confounding such simplis-
tic notions, however, is the fact that dramatic
change may occur almost instantaneously, as sys-
tems change state (i.e., evolve) in response to
breaching of threshold conditions. This may occur
in response to a catastrophic event, or in response
to incremental adjustments when a system is par-
ticularly vulnerable, such that a small trigger
drives dramatic responses (the so-called butterfly
effect of chaos theory).

Some systems evolve via progressive incremen-
tal adjustments; others are characterized by long
periods of relative inactivity followed by short in-
tervals of dramatic change. For example, geomor-
phic responses to floods of varying magnitude,
frequency, and duration may vary markedly from
system to system (e.g., Wolman and Miller, 1960;
Wolman and Gerson, 1978). Analysis of the evolu-
tionary pathway of areach provides a basis to inter-
pret whether contemporary adjustments form part
of an “expected” range of behavior, or whether the
reach is experiencing anomalous or accelerated be-
havior. Such insights also determine whether the
system is adjusting around a characteristic state
or is evolving towards a different state. Under-
standing the present in the light of past adjust-
ments underpins the effectiveness of foresighting
scenarios that scope the future.

Hickin (1983) refers to intervals of long-term
landscape evolution, intermediate-scale equilib-

rium, and short-term stasis (sensu Schumm and
Lichty, 1965) as geologic, geomorphic, and engi-
neering timescales that operate over intervals
of roughly 10**, 102, and 10° years respectively.
Geologic time refers to long-term, tectonic uplift
and progressive downwearing brought about by de-
nudational processes, the nature and effectiveness
of which are influenced by climatic conditions.
Processes operative at this timescale determine
the nature and distribution of landscape units,
thereby shaping relief, slope, and valley confine-
ment, and associated patterns of aggradation and
degradation alongariver.

Geomorphic time refers to periods over which a
near equivalent form is maintained in any given
reach, as channels adjust to average water and
sediment fluxes. Much of the notional “theory”
that has been developed in fluvial geomorphology
is based on the premise that under these condi-
tions, channels are able to self-regulate via nega-
tive feedback mechanisms, thereby retaining an
equilibrium morphology (Hickin, 1983). Impacts
of disturbance events are damped out or self-cor-
rected via internal adjustments such that the suite
of geomorphic features that make up an equilib-
rium reach remains uniform over time (Renwick,
1992).

Finally, engineering time refers to near instanta-
neous passages of time in which the landscape is
viewed to be effectively static. From this perspec-
tive, engineering “solutions” to river problems
assume that the governing conditions at the
geomorphic timescale are constant (Hickin, 1983).
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Based on this assumption, principles of fluid
mechanics provide quantitative insights into
flow fields, the capacity/rate of sediment trans-
port, and the associated nature and rate of channel
bed and channel form adjustments.

Regardless of the timeframe of investigations,
patterns and rates of river adjustment or change re-
flect the nature of disturbance events. Useful dif-
ferentiation can be made between pulse and press
events based on the intensity and duration of
the disturbance (Brunsden and Thornes, 1979;
Schumm, 1979). Pulsed disturbance events are
episodic events of low frequency, high magnitude,
and limited duration whose effects tend to be
localized. Off-site impacts are minimal and
short-lived, such as the reorganization of bed
materials within a reach. Floods are the primary
form of pulsed natural disturbance along rivers.
Although most reaches readily adjust once the dis-
turbance event has passed, extreme events can pro-
duce a lasting effect, especially if a threshold is
breached.

During a press type of disturbance, controlling
variables are sustained at a new level as a result of
more permanent shifts in input conditions. Such
changes are likely to apply over much larger areas
than pulsed events, although responses are not
spatially uniform and tend to be more permanent.
These disturbances alter the evolutionary
pathway of a reach. Knock-on effects can induce
geomorphic changes along reaches that were not
directly impacted by the initial disturbance,
often a considerable period after the initial
disturbance.

System responses to press and pulse disturbance
events vary markedly. Among many factors, this
reflects the condition of the landscape at the time
of any given event (i.e., how close to a threshold the
system sits), and the connectivity of the system.
In strongly coupled catchments, disturbance
effects are often conveyed efficiently through the
landscape. In contrast, responses to disturbance
are inefficiently propagated through decoupled or
disconnected landscapes, as barriers or buffers in-
hibit conveyance of water and sediment, absorbing
or damping the impacts of disturbance.

Interpretation of trajectories of change must
build on understanding of controls on river charac-
ter and behavior, as highlighted in the following
section.

3.4 Interpreting controls on river character
and behavior

Explanation of controls on river character and be-
havior provides the foundations for predicting
likely future river adjustments. Spatial and tempo-
ral considerations must be integrated in these
assessments. In this book, analysis of ongoing
system responses to disturbance is framedin terms
of the imposed boundary conditions within which
rivers operate (i.e., the catchment and landscape
unit scale controls) and the flux boundary condi-
tions that reflect the flow-sediment balance along
a reach (and related vegetation associations).
Various geomorphological considerations that
underpin assessment of controls on river character
andbehavior are outlined in this section. First, spa-
tial and temporal variability in the balance of im-
pelling and resisting forces along river courses is
appraised (Section 3.4.1). Second, patterns of river
forms and processes are examined along longitudi-
nal profiles, emphasizing downstream variation
in controls and linkages of physical processes
(Section 3.4.2).

3.4.1 The balance of impelling and resisting
forces as a determinant of river character
and behavior

Contemporary river morphology is fashioned by
the operation and balance of various processes
by which channels transport, rework, and deposit
sediments. The sediment transport regime of a
river reflects the volume and caliber of sediment
that is delivered to the channel, the capacity of the
channel to transport it, the distribution of excess
energy that drives erosion, and the type of sedi-
ment that is deposited instream and on the flood-
plain. Over time, these adjustments fashion bed
and bank composition and the capacity of the river
to adjust its form. A simple summary of these con-
cepts is encapsulated by the sediment balance dia-
gram proposed by Lane (1954), as reproduced in
Figure 3.2.

Impelling or driving forces that promote geo-
morphic work along rivers are expressed by a given
volume of water acting on a given slope. Available
energy is able to erode, entrain, transport, and
deposit varying amounts of material, dependent
upon the caliber and volume of available sediment.
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Figure3.2 The flow—sediment balance of river courses
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Flow-sediment interactions determine the aggradational-degradational balance of river courses. If excess flow occurs
over steep slopes, the balance is tilted towards degradation. Alternatively, if excess sediment of a sufficiently coarse
nature is made available to the river, the balance is tilted towards aggradation. D refers to the median bed material
grain size (in mm), while s refers to slope (m/m). From Chorley et al. (1984) p. 290. Reproduced with permission from

Thomson Publishing Services, 2004.

The relationship between the caliber and volume
of sediment stored along a river, and the compe-
tence and capacity of flow to transport it, resultsin
channels with differing ranges of bed material
caliber, with associated sets of bedforms, flow re-
sistance, and roughness coefficients (e.g., Darcy—
Weisbach resistance coefficient and Manning’s n;
see Table 3.3).

The behavior of any given reach is subject to ad-
justment if the scales shown in Figure 3.2 are af-
fected. A tip in the balance in favor of discharge,
such that the system becomes sediment supply-
limited, promotes degradation. Alternatively, a tip
in the balance in favor of sediment load, such that

the system becomes sediment transport-limited,
leads to aggradation. Ultimately, resisting forces
along the valley floor, whether induced by valley
shape/alignment, vegetation cover, bedrock out-
crops, or morphologic adjustments of the river
itself, determine the distribution and use of flow
energy on the valley floor, and the resulting pat-
tern of erosional and depositional forms. These
interactions vary markedly in different valley set-
tings and at different positions along longitudinal
profiles.

Impelling forces at any given location are fash-
ioned by potential energy, as determined by eleva-
tion and slope, and kinetic energy, as determined
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Table 3.3 Characteristics of different channel types and typical values of their flow resistance coefficients. Modified
from Bathurst (1993)in Beven and Kirkby (1993) © John Wiley and Sons Limited. 2003. Reproduced with permission.

Type of channel Approximate range of

Channel Bed material Darcy-Weisbach Manning’sn Relative

slope (%) size resistance coefficient (roughness submergence *

(Dso inmm) (fF) coefficient)

Sand-bed <o0.1 <2 0.01-0.25 0.01-0.04 May be>1000
Gravel/cobble-bed 0.05-0.5 10-100 0.01-1 0.02-0.07 Usually5-100
Boulder-bed 0.5-5 >100 0.05-5 0.03-0.2 Often<1
Bedrock (steep-pool/fall) 25 variable 0.1-100 0.1-5 Generally<1
Note

* Theratio of mean flow depth to median sediment size

by the volume of water that is available to perform
geomorphic work. Work performed by a given
body of water acting on a given slope reflects the
total stream power thatis generated. These consid-
erations are shaped largely by upstream catchment
area, which acts as a surrogate for discharge, and
the valley floor slope. In theory, channel capacity
and geometry adjust to the available energy. These
responses influence the distribution of unit stream
power (i.e., the energy acting at any given point
of the channel bed or floodplain surface). Rivers
adopt an array of mechanisms to expend energy,
some of which are imposed (e.g., bedrock steps),
while others are shaped by the boundary condi-
tions within which each reach operates (e.g., litho-
logical controls on the availability and caliber
of bed materials). The volume and caliber of
available sediments influence their capacity to
act as abrasive tools. A critical balance is main-
tained here. If too much sediment is stored on
the bed, it protects the bed from erosion during
all flow stages other than events that mobilize
the entire body of sediments. If excess energy is
available, sediments may simply be flushed
through the reach, resulting in a bedrock channel
(Montgomery et al., 1996).

Differences in bed material texture and the
energy conditions under which rivers operate can
be used to differentiate among three primary vari-
ants of sediment transport regime, namely bed ma-
terial load, suspended load, and mixed load rivers
(Schumm, 1960; Figure 3.3). Bed material load
comprises particles that are transported in a

shallow zone only a few grain diameters thick via
rolling, saltation (in which grains hop over the bed
in a series of low trajectories), and sliding. A
critical entrainment threshold must be exceeded
before movement commences. As grain size
increases, the intermittent nature of this jerky
conveyor belt becomes more pronounced. In
boulder bed streams, only extreme flows may
be able to mobilize the larger clasts. In gravel
bed rivers, rolling is the primary mode of bedload
transport, whereas saltation is largely restricted
to sands and small gravels. The primary source
of bedload material is the channel bed itself. In
general terms, transport velocities of entrained
particles are so low relative to flow velocities,
that travel distances are short (Knighton,
1998). The intermittency of bed material trans-
port, and the possibility of prolonged storage, re-
sults in long residence times for these coarser
sediments.

The bed material load is much coarser than ma-
terials carried in suspension, typically comprising
particles coarser than 62um. In terms of critical
flow velocity, medium sand (0.25-0.5 mm) is the
most readily eroded fraction and, other things
being equal, is the first fraction of the sediment
mix to be entrained. Sand-sized particles tend to
move as migrating bedforms such as ripples,
dunes, and antidunes (see Chapter 4). When parti-
cles smaller than about 0.2 mm are submerged in
the laminar sublayer, they are no longer subjected
to the stresses associated with turbulent flow, and
greater threshold stresses are required to entrain
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Figure3.3 Sediment transport regime and relationships to bed and bank texture and channel size (from Schumm, 1968)
Bedload-dominated rivers are characterized by high width : depth ratio channels that adjust readily atop the valley
floor. Bank materials are relatively noncohesive and channels tend to be relatively straight. In contrast, suspended
load rivers have low width : depth ratios, sinuous planforms, and cohesive banks. They adjust relatively slowly atop
the valley floor and accumulate materials primarily through vertical accretion mechanisms. Mixed load rivers are an
intermediary variant characterized by moderate sinuosity channels with moderate width : depth ratios. Composite
banks are common. Floodplains are formed by a mix of lateral and vertical accretion mechanisms. Note that the
channel cross-sections in this diagram are not drawn to scale.

them (Knighton, 1998). Compared to other compo-
nents of load, the movement of bed material load
contributes least to the total. However, the bed-
load fraction is the primary determinant of river
morphology. Schumm (1977) characterizes bed-
load rivers as systems that carry more than 11% of
their sediment as the bedload fraction. In general
terms, bedload systems tend to have wide, shal-
low channels with width:depth ratios <40 (see
Figure 3.3a). Given the unconsolidated nature of
the sediments, and the low silt: clay ratio in bank
materials, bedload channels tend to be relatively
straight, with a sinuosity (S) less than 1.3 (meas-
ured as theratio of channel length to valley length).

The suspended Ioad comprises particles that are
maintained in suspension by turbulent eddies.
These materials are typically >62 um, and are finer
than particles usually found in the bed. Once en-
trained, suspended load materials remain in trans-
port for an extended period of time. Most material
is supplied by surface erosion in the catchment, by
processes such as overland flow and gullying, and
by erosion of cohesive banks (Knighton, 1998). The
suspended load fraction tends to be carried at ap-
proximately the same speed as the flow. Particles

only settle out when flow velocities are much re-
duced. Suspended sediment contributes around
70% of the total load delivered to the world’s
oceans each year. In general terms, suspended load
rivers transport less than 3% of their total load
as bedload (Schumm, 1977). Banks are cohesive,
given their high silt: clay ratio, promoting the de-
velopment of highly sinuous (S<2.0), narrow and
deep channels, with width:depth ratios >10 (see
Figure 3.3c).

Mixed load channels are intermediary between
bedload and suspended load variants (Figure 3.3b).
Between 3-11% of their total load is conveyed as
bedload (Schumm, 1977). Unconsolidated sedi-
ments on the bed contrast markedly with the
silt: clay deposits of the floodplain (and hence the
channel banks). These conditions promote the de-
velopment of sinuous channels (1.3>S>2.0) with
a moderate width : depth ratio (typically between
10-40).

In general terms, the key control on the move-
ment of fine-grained material is the amount of
material supplied to the river, rather than the
transport capacity of the flow. In contrast, move-
ment of coarser material (<62um) is transport-
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limited, as it is determined by the energy of flow.
Differentiation of supply- and transport-limited
rivers provides a useful basis to characterize vari-
ous attributes of river types. Supply-limited rivers
have a capacity to transport materials that is
greater than the volume of materials made avail-
able to them. As a consequence, they commonly
have degradational tendencies. In contrast, trans-
port-limited rivers are relatively overloaded with
sediments, such that they have aggradational ten-
dencies. Rates of sediment reworking are unable to
keep up with rates of sediment supply. This com-
monly promotes the development of a multichan-
neled river, as the capacity limit of the system is
breached and within-channel deposition occurs.
This is typically associated with sediment-
charged sand-bed rivers. Conversely, development
of multichanneled configurations in gravel-bed
rivers tends to be associated with the limited fre-
quency with which bedload materials are trans-
ported, such that the coarsest fraction forms the
core of midchannel bars in a competence-limited
situation. In many instances, transport-limited
rivers are characterized by discrete sediment in-
puts that generate larger scale and longer duration
pulses of sediment that translate downstream as
waves or slugs (Nicholas et al., 1995).

Inevitably, the use of energy by rivers is depend-
ent upon how much energy is available.
Dissipation of energy is constrained by various
forms of resistance (Figure 3.4). In many instances,
a significant proportion of available energy is con-
sumed by resisting elements imposed by changes
in valley alignment or constrictions (Figure 3.4a).
Total flow resistance within the channel compris-
es several components, including boundary resist-
ance (resulting from the frictional effect of the
channel bed expressed through form and grain
roughness), channel resistance (associated with
bank irregularities and changes in channel align-
ment), and free surface resistance (stemming from
the distortion of the water surface by waves and
hydraulic jumps; Bathurst, 1993). While the latter
component reflects hydraulic adjustments within
the channel, changes to boundary resistance and
channel resistance represent geomorphic adjust-
ments that fashion, and are in turn reshaped by,
river responses to flow events.

Channel resistance is determined, in part, by
morphological configuration (e.g., curvature) and

adjustments to channel position on the valley
floor. These factors include bank and planform
roughness elements associated with channel
alignment, channel geometry, and the role of vege-
tation and woody debris (Figure 3.4b). Through
controls on increased bank shear strength, and/
or reduced boundary layer shear stress, riparian
vegetation influences channel size and shape.
Empirical studies have shown that channels with
dense bank vegetation (i.e., trees and shrubs) are on
average 50-70% times the width of an equivalent
channel vegetated only by grass (e.g., Charlton et
al., 1978; Hey and Thorne, 1983, 1986; Andrews,
1984). Instream vegetation and the loading of
woody debris can comprise a significant propor-
tion of channel roughness and hence total hy-
draulic resistance. Whether as individual pieces or
through its influence as a determinant of the size,
type, and evolution of instream features such as
pools, bars, and steps, woody debris can impart sig-
nificant hydraulic resistance, dramatically reduc-
ing bedload transport rates in rivers (Gippel, 1995).
Variations in the height, density, and flexibility
of aquatic vegetation influence reach-scale flow
resistance. The role of instream vegetation and
woody debris as agents of hydraulic resistance de-
pends upon the size of the obstruction relative to
the scale of the channel (Zimmerman et al., 1967;
Montgomery and Piégay, 2003).

At a finer scale of resolution, boundary resist-
ance may be differentiated into grain roughness
and form roughness (Figure 3.4¢). In general terms,
grain roughness refers to the relationship between
grain size and flow depth. In gravel or coarser tex-
tured streams, grain roughness can be the domi-
nant form of roughness, exerting a considerable
dragon the flow. As depth increases with discharge
at a cross-section, the effect of grain roughness is
drowned out and flow resistance decreases (see
Table 3.3; Church, 1992; Bathurst, 1993, 1997).
Form roughnessis derived from features developed
in the bed material. In sand-bed streams this com-
monly exceeds grain roughness in importance, and
in streams with coarser bed material, where grain
friction might be expected to dominate, it can
still be a major contributor to flow resistance
(Knighton, 1998). Bed configuration may vary with
flow stage, altering form roughness (see Chapter4).
Types of form roughness in gravel-bed rivers
include pebble clusters or bar forms that induce
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resistance because of ponding upstream of steps,
riffles, or bars. Although this effect is most
pronounced at low flow stage, bar resistance can
still account for 50-60% of total resistance at high-
er bankfull stages. In bedrock rivers, step-pool
sequences and coarse substrate (i.e., boulders) are
the key resisting bed elements that result in dis-
sipation of energy through hydraulic jumps and
ponding.

sediment transport

(sliding & saltation) bedforms

(ripples & dunes)

The nature, extent, and distribution of resisting
elements along a valley floor are major determi-
nants of the ease with which rivers are able to ad-
just their form. Alluvial rivers on sandy substrates
with minimal vegetative protection are perhaps
the most sensitive variant of river morphology to
change. If banks are cohesive, or an armor layer is
present, or dense vegetation cover lines the banks,
or there is a high loading of woody debris, or
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bedrock/cohesive terrace materials line the
bed/bank, the ease with which adjustments are
able to take place is reduced.

The balance of impelling and resisting forces
along a reach is a critical determinant of a river’s
behavioral regime, indicating whether there is a
relative dominance of erosional or depositional
tendencies. Interpreting controls on this balance
represents a key step in understanding why a river
looks and behaves in the way that it does.
Adjustments to the magnitude or distribution of
impelling or resisting forces are primary agents of
river change (see Chapter 6). Adjustments to river
morphology, in turn, drive changes to the opera-
tion of various physical fluxes, thereby modifying
the way that energy is distributed and used within
a system, affecting the balance of impelling and re-
sisting forces in any given reach. These mutual ad-
justments are a natural part of system evolution.
Across most of the planet, human disturbance
has severely modified these relationships (see
Chapter 7).

Analysis of the balance of impelling and resist-
ing forces along longitudinal profiles provides a
useful tool that aids interpretation of the distribu-
tion of geomorphic process zones and resulting
patterns of river types and their linkages within
any given catchment, as discussed in the following
section.

3.4.2 Use of longitudinal profiles to interpret
controls on river character and behavior

Landscape position is a vital consideration in de-
termining why ariver looks and behaves the way it
does. Rivers have differing balances of erosional
and depositional processes at different positions
along their longitudinal profiles. Analysis of
process linkages and landscape connectivity along
longitudinal profiles provides a critical basis for
interpretation and prediction, guiding insights
into lagged and off-site responses to disturbance.
Noting the position of each reach along its longitu-
dinal profile, and considering the slope and
upstream catchment area as determinants of
flow—-sediment fluxes and stream power, provides
an initial guide into controls on river forms and
processes. Determination of parallel patterns of
river forms and processes along longitudinal pro-
files provides a meaningful basis to compare and

interpret these relationships. Assessment of
trends in regions of similar geology, topography,
and climate may provide insights into broader-
level controls on patterns of river forms and
processes, enabling elimination of some factors
as underlying controls, and isolation of limiting
factors that influence the presence/absence of
certain forms and processes. However, local
considerations, or unique combinations thereof,
may fashion catchment-specific forms and
processes. In performing such analyses, it must
always be remembered that similar-looking forms
can be explained by different sets of processes
(equifinality).

In general terms, boundaries of landscape units
are demarcated by significant breaks in slope on
longitudinal profiles. When lengths of river be-
tween breaks in slope are related to valley confine-
ment, a first order guide to the distribution of
imposed boundary conditions along the river is
provided. Various other parameters can be added to
interpret controls on river types. For example,
lithology and geological structure exert controls
on the distribution of slope, valley width, stream
power, and the availability/caliber of material sup-
plied to the stream. In some settings, resistant
bands of bedrock may induce local base-level con-
trol, impeding the rate and progression of down-
cutting in the drainage network upstream, while
maintaining shallow, bedrock-based alluvial fills
(e.g., Tooth et al., 2002). Variability in valley con-
finement concentrates or dissipates flow energy,
altering the capacity of flow to erode, transport,
and deposit sediments, in turn affecting river mor-
phology. Differences in catchment shape, and
associated patterns of tributary—trunk stream rela-
tions, result in catchment-specific patterns of dis-
charge variability along longitudinal profiles.

A further factor that induces pronounced vari-
ability in river morphology along longitudinal pro-
files, and related variability in the capacity of these
rivers to adjust their form, is sediment availability.
Significant differences are observed, for exam-
ple, in glaciated and nonglaciated landscapes.
Alternatively, systems may have been subjected
to massive sediment inputs via geologic (e.g., tec-
tonic uplift, volcanic) or climatic (e.g., cyclonic)
conditions. In some settings, the influence of an-
tecedent controls preconditions river responses to
disturbance events.
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Figure 3.5 Typical longitudinal
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Interactions among a suite of imposed and flux
boundary conditions that result in characteristic
patterns of river types along longitudinal profiles
are shown for differing landscape settings in
Figures 3.5-3.7. Homogeneity in geological and
climatic regimes is inferred in these idealized ex-
amples. Combinations of slope and discharge re-
sult in differing downstream patterns of total
stream power, fashioning the capacity of the river
to transport materials of varying size. These
process relationships result in different river mor-

phologies at different positions along the longitu-
dinal profile.

Figure 3.5 shows a classic concave upwards lon-
gitudinal profile in a tectonically active terrain
(Figure 3.7a). In this example, no bedrock steps
exert local base level control. The relationship be-
tween available energy and bed material size
shapes the pattern of geomorphic work along the
longitudinal profile, and the resulting distribution
of erosional and depositional processes. In a gener-
al sense, these relationships maintain the smooth,
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concave-upward shape of the longitudinal profile
(Mackin, 1948; Hack, 1960; Leopold and Bull,
1979).

Erosional processes are dominant in upstream
reaches, producing incised rivers that are sculpted
into bedrock. In contrast, downstream reaches
have aggradational tendencies, and materials ac-
cumulate on the valley floor. In the intervening
transfer reaches, water and sediment budgets
maintain a balance of erosional and depositional
tendencies over timescales of 10'-102 years. A pro-
gressive downstream increase in catchment area is
accompanied by areduction in slope and bed mate-
rial texture, and an increase in valley width, dis-

charge, and channel capacity. The downstream
trend for discharge (a surrogate for catchment area)
is virtually opposite to that shown by slope. In rel-
ative terms, catchment area increases rapidly in
headwater settings, but the rate of increase de-
creases with distance downstream. As stream
power is the product of discharge and slope, the
stream power maxima is attained in lower order
streams where sufficient flow acts on relatively
steep slopes (Fonstad, 2003).

In general terms, sediment availability increases
downstream, such that there is a transition from
supply-limited to transport-limited conditions.
However, the capacity of the river to perform
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Figure 3.7 Landscape units in differing
tectonic settings

Pronounced variability in landscape units
and patterns of landscape connectivity are
evident in tectonically active and
tectonically-stable, escarpment-
dominated settings. These factors
influence patterns of sediment storage and
the rate and caliber of sediment input into
river systems and the ease with which
materials are conveyed through
landscapes. As a consequence, marked
differences in types of river may be
observed in different settings. In the
examples shown, the highly dissected
mountainous terrains of tectonically
active landscapes (a) supply large amounts
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of material to valley floors. High energy
rivers rapidly convey materials to lowland
plains. These are transport-limited
landscapes. In example (b), which depicts a
tectonically stable, escarpment-
dominated landscape, relatively subdued
relief in plateau areas delivers relatively
small amounts of sediment to gorges and
partly-confined valleys downstream of the
escarpment. Sediments stores are limited.
The upper parts of catchment are
characterized by denuded and rounded
hills. These landscapes are more
disconnected than tectonically active
landscapes. In these supply-limited
settings, rates of sediment delivery to the
lowland plain are limited. As a
consequence, low energy rivers in the
latter setting may be sediment starved.

Low relief plateau above
a steep escarpment
May contain alluvial fills

—— Denuded and rounded
hills

Narrow lowland plain
with low energy,
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geomorphic work is restricted by a decrease in
available energy (i.e., stream power). Assuming a
near-uniform lithology, the downstream trend in
bed material size (represented by Bmax) is related
in a nonlinear manner to flow energy. In lower
order streams, systematic trends in texture or sort-
ing are not evident because of more or less contin-
uousrecruitment from adjacent hillsides (Rice and
Church, 1996) and the inability to rework materi-
al, other than on an irregular basis. As such, bed
material size is commonly much coarser than in
the zone of stream power maxima. Beyond this

point, materials are more easily reworked by abra-
sion and selective transportation mechanisms,
resulting in a relatively smooth downstream
gradation in bed material size. In general, the
largest size that can be moved is proportional to
the force that can be exerted on the stream-bed by
the flow. As competence declines downstream,
characteristic sediment sizes become finer. The
downstream transition to a laterally-unconfined
(alluvial) valley setting marks the onset of persist-
ent and long-term accumulation of sediments
(Church, 2002).
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Quite different sets of process relationships and
river morphologies are evident along the schemat-
ic longitudinal profile presented in Figure 3.6. In
some tectonically stable settings, stepped longitu-
dinal profiles reflect the influence of escarpment
retreat on long-term landscape evolution (Figure
3.7b). Catchment area increases systematically
along the longitudinal profile, in a similar manner
to that described for the previous example, with a
significant increase along the first few kilometers
of river length and a gradual increase towards the
river mouth. In contrast to Figure 3.5, however, the
downstream variation in slope produces notable
differences in plots for stream power and bed mat-
erial size (represented by Bmax), as bedrock steps
exert a major influence on base level. Resulting
patterns of river morphology are related directly to
landscape setting.

In the tablelands, low slopes and catchment
areas produce low stream powers. Given limited
relief, low energy floodplains develop in these up-
land settings, which function as sediment accu-
mulation zones. Flow often has insufficient energy
to maintain continuous channels, and discontinu-
ous watercourses are common. Hillslopes are
decoupled from watercourses. Suspended load ma-
terials accumulate on the valley floor, often in
swamps. Stream power and bed material size max-
ima occur in the escarpment zone, where suffi-
cient flow and steep slopes combine. The high
flushing capacity of the channel ensures that only
the coarsest component of the bedload fraction
lines the bed. Incision produces narrow valleys
with high hillslope-channel connectivity. As
slope, stream power and bed material size decrease
downstream of the escarpment zone, there is a
similar set of relationships to those described in
Figure 3.5. The transition from the foothills to the
alluvial plain is characterized by a shift from bed-
load to mixed and suspended load transport. The
lowland plain acts as an accumulation zone, with
fully alluvial rivers.

The differing configuration of the landscape
settings portrayed in Figures 3.5-3.7 ensures that
disturbance responses in headwater areas are con-
veyed through the systems in differing ways.
Longitudinal connectivity is likely to be much
greater in the system portrayed in Figure 3.5 rela-
tive to that in Figure 3.6, assuming there are no
artificial barriers such as dams along the longitudi-

nal profile. Catchment-specific patterns of geo-
morphic process zones and their downstream link-
ages are key determinants of river morphology and
the propensity for river adjustments. Longitudinal
profiles provide a valuable tool to examine these
linkages, aiding interpretations of the balance of
impelling and resisting forces along a river.
Understanding of process linkages, and their sensi-
tivity to change, is a critical consideration in en-
deavors to predict likely future river character and
behavior.

3.5 Predictingthe futurein fluvial
geomorphology

Unlike experimental studies undertaken in con-
trolled settings, geomorphic enquiry is confronted
by a perplexing array of factors that induce a bewil-
dering array of landscape forms. Some individuals
gain immense satisfaction in trying to unravel
the complexities and uncertainties of real world
landscapes, and commit themselves to a career in
geomorphology. Others see training in geomor-
phology as an inordinately frustrating exercise in
futility, in which exceptions are found for each
principle that was thought to be well-grounded.
Exposure to new experiences requires a perpetual
process of unlearning and relearning. While some
practitioners have a genuine flair for “reading the
landscape” and interpreting controls on river char-
acter and behavior, others seem destined to never
quite “getit”!

Geomorphologists are concerned with large-
scale temporal and spatial analysis of complex
natural experiments that are neither reversible
nor repeatable, precluding exact reproduction
(Schumm, 1991). As landscapes are emergent phe-
nomena, characterized by nonlinear dynamics
and contingent behavior, their analysis is not
amenable to reductionist explanations (Harrison,
2001; Phillips, 2003). Emergent behavior of land-
scapes cannot be predicted using small-scale
physics; rather, it must be analyzed using relations
defined at the scale of the emergent behavior
(Murray, 2003; Werner, 2003). Geomorphic mod-
els share with ecology a strong dependence on
landscape history, because present processes
and conditions are strongly contingent on past
events and because processes operating over
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widely different time scales can be of coequal im-
portance (Wilcock and Iverson, 2003).

While river rehabilitation activities are largely
concerned with rectifying problems that have aris-
en from cumulative river responses to past distur-
bance events, proactive and strategic planning
must relate to concerns for future river condition.
Realistic expression of prospective future states
must build on sound physical information on the
system of concern. Strategies must be subjected to
recurrent reappraisal in light of ongoing develop-
ments. Insights into system responses to distur-
bance events guide appraisals of the type and
priority of differing intervention strategies, pro-
viding a basis to evaluate their likely success. For
example, useful distinction can be made between
predictions of present landscape behavior and pre-
dictions of landscape change (Wilcock and Iverson,
2003). This section appraises approaches to predict
landscape futures used by geomorphologists in en-
deavors to provide a coherent landscape platform
for management activities.

Predictions of likely future scenarios must be
based on solid understanding of controls on con-
temporary landscape forms and processes. Such
analyses must integrate the cumulative effects of
system responses to multiple forms of distur-
bance. These responses are influenced by within-
system connectivity of landscape compartments,
and associated implications for the operation of
biophysical fluxes. Human agency has added a fur-
ther layer of complexity to the inherent diversity
of the natural world. Predictability is complicated
by the fact that differing components of rivers may
respond at different rates or in different ways. Past
events set the evolutionary pathway upon which
the contemporary system sits, guiding interpreta-
tions of what the system is adjusting towards, as-
suming that boundary conditions remain roughly
constant (Schumm, 1991). Without knowledge of
the trajectory of change of the system, future
changes due to changed conditions, or lags and off-
site responses already instigated within the sys-
tem, cannot be predicted. In many instances, these
considerations introduce a level of complexity
into extrapolations that defies realistic quantifica-
tion. While some responses to disturbance are pre-
dictable, others are not. Without an appreciation of
underlying causality, predictions are speculative
at best; perhaps fanciful and dangerous at worst.

Three primary approaches to prediction are out-
lined in this section. First, comparative frame-
works are used to relate different states of
evolutionary adjustment in different areas that
have a similar landscape configuration, enabling
the application of space for time substitution (also
known as ergodic reasoning) (Section 3.5.1).
Second, equilibrium-based theoretical insights are
merged with empirical relationships to derive
models that predict how components of systems
work (Section 3.5.2). Finally, Section 3.5.3 pres-
ents areal-world perspective on unraveling causal-
ity and predicting river change based on detailed
analyses of system-specific evolutionary traits.
Ultimately, these various approaches must be
merged to provide practical guidance for the pre-
diction process, recognizing explicitly that infor-
mation bases and associated knowledge are
incomplete and imperfect.

3.5.1 Comparative frameworks with which to
predict river changes

Explanation of past events and prediction of future
events frequently requires reasoning by analogy,
which is the recognition of similarity among dif-
ferent things. Ultimately, these analogies must be
based on meaningful insights into both the struc-
ture and function of phenomena. Geomorphic en-
quiry seeks repeatable patterns with which to
guide our interpretations of likely future changes.
Although case studies facilitate our understanding
of changes, it is risky to generalize findings to de-
rive conceptual frameworks that represent repro-
ducible models of how systems work and their
sensitivity to change. Inferences gained from other
systems must be used in a precautionary manner.
All too often, inappropriate inferences have been
drawn from insufficient data or poorly framed
comparisons. Little can be gained, and much may
be lost or compromised, in approaches to enquiry
that argue by correlation without underlying
explanation, in what can cynically be viewed as
“painting by number” exercises. The small num-
ber of detailed case studies that are available
imposes critical limits on the opportunity for re-
peatability, negating the reliability of predictions
(Schumm, 1991).

Geomorphologists use data collected from
multiple locations to construct evolutionary
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Figure 3.8 Phases of incised channel development using location for time substitution

Location for time substitution, also known as ergodic reasoning entails determination of different phases of landscape
evolution, either within the same system or through analysis of different stages in different systems. In the example
shown, different phases of incised channel development are indicated along a schematic channel bed profile. Initially
the entire profile comprised an intact valley fill as indicated on the right of the diagram. Moving towards the left, the
differing cross-sections indicated progressive phases of channel adjustment, marked by incision, channel expansion,
phases of secondary headcuts, and finally by phases of refilling of the incised trench in the aggradational zone.
Modified from Schumm et al. (1984). Reproduced with permission from Water Resources Publications, LLC, 2004.

sequences of events or phases of landscape activi-
ty. This is referred to as location for time substitu-
tion (or ergodic reasoning). A related approach can
be applied to determine the sensitivity of land-
forms. This is termed location for condition evalu-
ation by Piégay and Schumm (2003). However,
to avoid confusion with notions of geomorphic
condition in the River Styles framework, this is
referred to here as proximity to threshold analysis.
These procedures provide practical approaches to
prediction and environmental reconstruction.
Both approaches require that the investigator back
away from a single site and look at many sites,
thereby providing a “big picture” appraisal as a
basis for generalization.

Location for time substitution provides an im-
portant basis with which to compare features pro-
duced by the same set of processes that operate
under an equivalent set of conditions (Schumm,
1991; Piégay and Schumm, 2003). Samples of land-
forms at differing stages of evolutionary adjust-
ment are arranged in a sequence to outline a model
that differentiates among phases of landscape evo-
lution. Hence, interpretation of a range of field
sitesis used to derive a schematic framework with
which to analyze landscape evolution as a series of

timeslices. In fluvial terms, each timeslice records
a differing stage of adjustment for a particular type
of river. From this, it is possible to interpret the
pathway of adjustment that is likely to be experi-
enced for any given reach of that river type under a
certain set of conditions. This tool has both aca-
demic and practical value. For example, determi-
nation of phases of incised channel evolution can
be used to estimate agricultural land loss, sedi-
ment production, identify reaches that require
treatments, and determine appropriate treatments
to alleviate problems (Figure 3.8; Schumm et al.,
1984).

In applications of location for time substitution,
study sites must have equivalent initial condi-
tions, such that differences in site behavior may be
attributed to differences in treatment. The reliabil-
ity of predictions is dependent on the similarity of
the places to be compared (Paine, 1985; Schumm,
1991). These procedures have limited spatial scope
and will usually only provide an indication of the
range and rate of processes that are likely to occur
within individual landscape elements after a par-
ticular type of disturbance or change in boundary
conditions. At larger scales, process linkages may
produce system-specific responses that override or
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damp-out the trajectories of change of individual
reaches. In general terms, the longer the timespan
and the larger the area, the less accurate will be
predictions that are based upon observations of
contemporary forms and processes. It is also im-
portant to note that similar results may arise from
different processes and causes (the principle of
convergence or equifinality). A common origin
and equivalent causality are prerequisites for effec-
tive comparison.

Proximity to threshold analysis appraises the
state of the landscape (or components thereof) at
various sites to interpret the relative sensitivity of
any given setting to change. From this, characteris-
tics of relatively sensitive and insensitive land-
forms of the same generic type are appraised to
identify threshold conditions under which change
isinferred to occur. Data are collected from arange
of localities in which the same set of processes op-
erate (i.e., landscape setting is equivalent), such
that a relationship can be established to differenti-
ate among states of system behavior (i.e., condi-
tion). Rather than presenting an evolutionary basis
with which to interpret landscapes, proximity to
threshold analysis interprets the sensitivity of
landforms (or landscapes) to change. Proximity to
threshold analysis has been used to characterize
the sensitivity of valley floors to gullying (Figure
3.9; Patton and Schumm, 1975). Critical relation-
ships between valley floor slope and catchment
area are used to differentiate among settings that
have developed gullies and settings that retain an
intact valley floor. An equivalent drainage area-
slope relationship has been established to describe
the susceptibility of alluvial fans to fan-head inci-
sion (Schumm et al., 1987). This approach has also
been utilized to identify the susceptibility of a
reach to a change in channel planform based on a
relationship between sinuosity and valley slope
(Schumm and Khan, 1972; Schumm, 1991). Piégay
et al. (2000) used proximity to threshold analysis
to analyze the dynamics of sediment infilling of
cutoff channels.

Models that describe pathways of geomorphic
response to disturbance events provide a basis to
predict future changes to river morphology and
hence guide mitigation measures. Determination
of the sensitivity to change of a given reach to
events of differing magnitude, or differing sets of
external (driving) factors, provides critical guid-

gullied (G) @
ungullied (U) a

o Valley slope
(tan)

1 1 1
0 50 100
Catchment area (km

1

2)

1 & 10 = Highly sensitive
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Figure3.9 Using proximity to threshold analysis as a
basis for assessing the sensitivity of rivers to change
(modified from Patton and Schumm, 1975)
Along-standing relationship, developed initially by
Patton and Schumm (1975), has indicated that the
distribution of gullied and ungullied tributary stream
lines can be predicted using discriminant analysis based
on valley slope for a given catchment area (for drainage
lines greater than 10 km?). In the schematic example
presented here (a), gullied tributaries plot above the
discriminating function, while ungullied tributaries
plot beneath it. However, this is not an entirely
consistent relationship, as some systems are yet to
become incised (b). Hence, while tributaries 1 and 10 are
highly sensitive, as they sit above the threshold of
gullying, tributaries 3 and 5 also lie very close to this
threshold condition, while tributary 7 is most distant
from the threshold and therefore considered to be least
sensitive to change. From this perspective, if a major
storm was to impact upon this catchment, the
tributaries which are most likely to be subjected to
dramatic change are tributaries 1 and 10.

ance in assessments of the direction and magni-
tude of river response to disturbance. Such tools
can aid analyses of the likely potential for, and rate
of, recovery after disturbance. Although response
times are highly variable and poorly predictable
phenomena, an exponential decay factor has been
shown to have a reasonable degree of application
(e.g., Graf, 1977; Kasai et al., 2004). Rate of re-
sponse is controlled by many factors, including the
inherent resistance, available energy and scale of
river systems, and the severity of the disturbance
event.

Location for time substitution and proximity
to threshold analysis provide insights into the
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trajectory of change, isolate threshold conditions
under which change is likely to occur, and deter-
mine how likely it is that change will occur.
However, they provide little quantitative informa-
tion. For example, they cannot be used to interpret
the timeframe over which change is likely to take
place. Although quantitative prediction of relax-
ation paths following disruption represents the
ultimate objective, conceptual models of river evo-
lution may provide a useful guide to interpret past
and present changes and anticipate future trends
associated with natural or human disturbance. For
example, Simon (1995) used such an approach to
identify dominant adjustment processes, to differ-
entiate between local and more widespread insta-
bility, and to suggest the type of mitigation
measures that are required to reduce future dam-
age associated with impacts of channelization.
Changes in channel form were quantified for dif-
ferent stages of evolution.

3.5.2 Theoretical predictions of river
adjustments based on equilibrium
channel morphology

Fluvial geomorphologists have tended to look to
fluid mechanics and engineering research to pro-
vide explanations and deeper (predictive) meaning
to their largely qualitative, case-study observa-
tions of rivers (Hickin, 1983). These theoretical
principles generally build on continuity equations
for water and sediment and the flow momentum
equation. A notional equilibrium condition im-
plies that stable width, depth, slope, and planform
can be expressed as functions of the controlling
variables: discharge, sediment supply, and channel
bed and bank caliber. Under circumstances in
which the boundary conditions within which a
reach operates remain relatively constant, such
that there is no change in slope, discharge, or sedi-
ment load, any small-scale disturbance to equilib-
rium channel morphology will set in motion
processes that will return the channel to its stable
form and pattern. Hydraulically-based models
used to predict stable channel forms are based on
the assumption that an equilibrium channel mor-
phology is quickly reestablished (Hickin, 1983).
Although this assumption may be valid for short
periods of time (say a few years), it becomes less

defensible as the time period is lengthened. In
reality, the timeframe over which a reach is adjust-
ing is seldom such that truly steady state con-
ditions prevail. Although equilibrium-based
approaches provide an initial guide to predict
short-term, reach-specific responses to flow
events, these procedures are unreliable in assess-
ment of longer-term trends, as assumptions of uni-
formity and stationarity that are applied in
derivation of equilibrium-based probabilistic
relationships are invalidated (e.g., Phillips, 1992;
Richards, 1999).

Despite these limitations, qualitative expres-
sions derived to describe the manner of channel
adjustments associated with, say, changes to
discharge or sediment load (e.g., Schumm, 1969),
continue to form a basis for river rehabilitation
practice. If these expressions are to be of any use in
prediction, they must be related to the type of river
under investigation, and the associated ease with
which itis able to adjust. Relationships derived for
meandering rivers by Schumm (1969) describe
adjustments to various channel attributes in re-
sponse to changes in discharge and sediment yield.
In general terms, wider, less sinuous channels are
formed when both discharge and bed material load
increase. Predicted responses are reversed when
both discharge and bed material load decrease. In
many instances, changes in discharge and sedi-
mentload have an opposite tendency. For example,
increasing discharge and decreasing bed material
load tend to result in narrower, deeper channels
of greater sinuosity and lower gradient. Many
changes are indeterminate because the magnitude
of opposed responses is unspecified (Knighton,
1998).

Empirical approaches to the study of rivers en-
tail the collection and analysis of data to establish
relationships between form variables, or between
a form variable and factors that summarizes some
aspect of process (Knighton, 1998). If sample sizes
are sufficiently large and representative (of a cer-
tain type of river in a particular region), insights
can be used to calibrate models based on physical
laws, thereby providing a basis to validate their ap-
plicability. Comparative analyses and flume stud-
ies can be applied to test and extend these analyses.
For example, empirically based power relation-
ships have been used to describe the hydraulic
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geometry of channels, relating adjustment to
channel geometry to changes in discharge (e.g.,
Leopold and Maddock, 1953; Hey and Thorne,
1986).

Inherent uncertainties are faced in making gen-
eralizations from empirical results founded on
limited or unrepresentative databases. Strong
correlations in statistical tests do not necessarily
convey a genuine understanding of underlying
processes. Indeed, it is naive to think that simplis-
tic cause-and-effect relationships, whether linear
or otherwise, can be expected to apply from system
to system independent of other causative factors.
Significant challenges are faced in extrapolating
findings to other systems in a meaningful manner,
ensuring that analyses truly compare like with
like. Hence, determinations of stable channel size
and form should relate directly to the type of river
under investigation, reflecting data collected in
geologically and hydrologically homogenous
regions. However, there continues to be a remark-
able lack of such primary data from most parts of
theplanet. Indeed, the mind-set that underpins the
development of theory in fluvial geomorphology is
undoubtedly value-laden, and field-based data that
researchers work from are far from representative.
Until recently, for example, remarkably little
research was carried out in fully vegetated river
systems, limitinginsightsintonaturalness and the
predisturbance condition from which rivers have
subsequently adjusted (see Montgomery and
Piégay, 2003). Such oversights effectively mean
that contemporary understanding is largely re-
stricted to a subset of modified rivers, rather than
the breadth of diversity of the natural world per se.
Hence, extreme caution must be used when apply-
ing these relationships outside the area for which
they were derived. Regionally specific empirical
relationships must specify the type of river under
investigation and the boundary conditions under
which the river operates (or has operated), separat-
ing local-scale controls on channel geometry from
broader-scale controls. In addition, the geomor-
phic condition of the reach must be consistent
from site to site, ensuring that the database is de-
rived from equivalent sites. If these criteria are not
fulfilled, derived empirical expressions represent a
variant of proximity to threshold analysis (or loca-
tion for condition evaluation), rather than repre-

senting broader predictive trends that have general
application.

Significant errors can be made when (mis)apply-
ing these notions in a practical context. For exam-
ple, mistakes are made when an apparently stable
reachisusedasatemplate for therestored channel,
or when general empirical relations between chan-
nel geometry and flow frequency are used as the
basis for design (Wilcock, 1997). This approach as-
sumes that the channel has adjusted to the amount
of water and sediment supplied to it. By definition,
a river requiring rehabilitation is unlikely to be in
such a state, precisely because the quantity and
timing of water and sediment supply have changed
and, in many cases, will continue to do so.
Although empirical relations for channel geo-
metry provide an initial guide in predictions of
river behavior, they provide an inappropriate basis
for river rehabilitation. A more useful paradigm
viewsrivers as adjusting to the water and sediment
supplied to them (Wilcock, 1997).

Approaches to geomorphology that consider
landscapes over timeframes of operation under
conditions of idealized thermodynamic equilibria
must be viewed as ideals with limited practical
relevance outside relatively “static” modeling
applications. Landscapes are perpetually adjusting
to disturbance of one form or another, and have
system-specific imprints of geomorphic memory
(Trofimov and Phillips, 1992). The extent to
which contemporary river morphology is adjusted
to former conditions constrains the use of empiri-
cal relationships to characterize the nature and
rate of morphometric adjustments. More recent
thinking in geomorphology no longer views stabil-
ity as an endpoint, or even necessarily a “normal”
state, as landscapes are viewed to be in phases of
relative stability for varying intervals of time as
they progressively adjust to ongoing perturbations
(e.g., Phillips, 2003). Landscape evolution does
not follow deterministic principles, moving
through predictable stages towards a stable end-
point. Rather, disturbance events at differing spa-
tial and temporal scales result in variable forms
of instability. Ultimately, the natural world is so
complex that a complete deterministic explana-
tion can never be achieved. As noted by Richards
and Lane (1997, p. 289), whilst simulation models
may be used for predictive purposes, their ultimate
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value may be little more than their role as tools
for probing the depths of our uncertainty. If empir-
ically derived relationships are to be of a lasting
and predictive nature, inductive reasoning needs
to be embodied within a theoretical structure,
even if only qualitatively. In practical terms,
predictions must relate specifically to the catch-
ment of concern, with its own configuration and
history of adjustment, as indicated in the follow-
ing section.

3.5.3 Areal-world perspective on unraveling
causality and predicting river changes:
Know your catchment!

Rivers are complex, interactive systems that are
subjected to an unceasing barrage of perturbations
or disturbance events. Their unique configuration
and history fashion catchment-specific patterns
and rates of physical fluxes. These considerations
ensure that rivers seldom operate as simple, linear,
cause-and-effect systems. Adjacent systems in a
relatively homogeneous region are unlikely to re-
spond to external stimuli in a directly equivalent
manner, making it difficult to interpret the his-
torical record and to attach underlying causes to
specific responses. In many cases it is difficult to
isolate cause-effect relationships that directly
link changes in river morphology to discrete un-
derlying factors. Among many considerations, this
may reflect the cumulative nature of disturbance
impacts, nonsynchroneity in the character of forc-
ing events (e.g., the sequence of large floods), or
spatial variability in the extent to which individ-
ual reaches may be primed for change (i.e., reach
sensitivity to threshold conditions that shape the
magnitude and direction of change in any given
system). For example, local instability that reflects
an immediate response to some form of environ-
mental change can easily be confused with up-
stream feedback effects that date from some past
environmental perturbation, which is only now
reaching the site in question (Macklin and Lewin,
1997). These considerations, along with appraisal
of pressures and limiting factors, and lagged and
off-site implications of disturbance response,
mustbeintegratedinto catchment-specific predic-
tions of likely future river character and behavior.
In many instances, the whole is very different to
the sum of the parts.

Nonsynchroneity in the timing, pattern, and
rates of responses to differing forms of disturbance,
and associated river changes, can be related to the
character and configuration of individual systems.
Given the catchment-specific patterns of river
types and their linkages, predictions of reach and
catchment-scale responses to disturbance events
must be considered as part of a nondeterministic
science. Appraisals of likely future river character
must also be made in context of river history and
understanding of spatial linkages of physical
processes in the catchment of concern.

Unraveling system-specific evolutionary histo-
riesis a powerful means for assessinghow a system
has changed in the past, how it adjusts today, and
what future trajectories of change are possible.
Interpretations of the past provide no guarantees
as to what the future will be like. However, they
provide critical guidance in the derivation of
predictions. Indeed, such exercises are surely com-
promised without this information. For example,
catchment-specific knowledge of upstream sedi-
ment availability is required to infer potential
downstream changes in river character or recovery
potential. Historical (evolutionary) insights are re-
quired to develop an understanding of threshold
conditions and lag effects that may shape behav-
ioral responses in each system. Elements of ran-
domness, local threshold conditions, and chaotic
responses to perturbations ensure that interpreta-
tions of river change are best considered as a prob-
abilistic science, in which differing degrees of
likelihood are ascribed to differing forms and rates
of adjustment.

Under this premise, the evolutionary pathway
of each reach mustbe viewed in its catchment con-
text. This provides a critical context with which to
interpret landscape responses to natural events,
appraise the impacts of human disturbance, and
assess likely trajectories of future changes. If
evolutionary pathways can be shown to be near-
equivalent for various systems, ergodic reasoning
can be usefully applied to appraise differing stages
of evolution.

Foresighting (scenario-building) approaches
that “scope the future” must be framed in terms of
changes to physical boundary conditions. This in-
volves assessment of the ways in which systems
adjust to a range of limiting factors and pressures,
recognizing that multiple trajectories may eventu-
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ate. These trajectories then aid the identification
of target conditions for river rehabilitation.
Limiting factors may include such factors as
changes to sediment availability (e.g., passage of
sediment slugs or sediment starvation), changes to
runoff relations, and changes to vegetation cover.
These factors are internal to the system. Pressures
refer tofactors that are external to the system, such
as climate variability, human-induced changes to
landscape forms and processes, and a myriad of so-
cioeconomic and cultural changes (e.g., popula-
tion, land use, direct/indirect adjustment torivers,
etc). These various considerations underpin the
development of the River Styles framework docu-
mented in this book, prompting the management
catch cry “know your catchment.”

3.6 Summary and implications

This chapter has focused on temporal principles
for effective river management. To be meaningful,

temporal analysis and assessment of river evolu-
tion must extend over timeframes that capture the
range of behavior and change in response to natural
and human-induced disturbance events or changes
in physical fluxes. Analyses of the nature, rate, and
consequence of river change must be applied in
a catchment-specific manner. These analyses
then provide a basis to interpret controls on river
character and behavior, placing reaches in their
spatial and temporal context, from which predic-
tions of future trajectories of change can be made.
The mind-set with which approaches to predic-
tion are undertaken is a major factor in determin-
ing the viability and reliability of the outcomes.
Whether proponents favor a “best case” or “worst
case” scenario, foresighting exercises must
construct realistic future scenarios based on the
present character, behavior, and condition of the
landscape/ecosystem, cognizant of ongoing pat-
terns and rates of adjustment (i.e., the evolution-
ary trajectory).






PART B

Geomorphic considerations for
river management

We have to abandon the arrogant belief that the world is merely a puzzle to be solved,
a machine with instructions for use waiting to be discovered, a body of information to be fed
into some computer in the hope that, sooner or later, it will spit out a universal solution.

Overview of Part B

In this part, the geoecological foundations of river
rehabilitation practice developed in Part A of this
book are placed in context of geomorphological
understanding of river character, behavior, evolu-
tion, and human-induced change. To address these
issues, various geomorphological classification
procedures have gained significant application in
the river management arena (e.g., Rosgen, 1996;
Heritage et al., 1997, 2001). The approach adopted
in this book builds on the underpinnings of these
schemes, endeavoring to establish a set of pro-
cedures that can be applied across the spectrum
of morphological complexity demonstrated by
rivers.

Vaclav Havel, quoted in Fletcher 2001, p. 194

In Chapter 4, a set of guidelines with which
to meaningfully deconstruct river forms and pro-
cesses at a range of scales is documented. These
components can be readily reintegrated as a plat-
form for coherent analysis of river character. River
behavior is documented in Chapter 5. A conceptu-
al framework with which to assess river dynamics,
termed the river evolution diagram, is introduced.
Chapter 6 examines river change, focusing on river
responses to disturbance, and spatial and temporal
controls on pathways of change (i.e., evolutionary
tendencies). In Chapter 7 the role of human dis-
turbance as an agent of river change is appraised.
This contextual information provides the under-
pinnings of the River Styles framework that is pre-
sented in Part C.






CHAPTER 4

River character

The present trend in fluvial geomorphology is towards increasingly detailed understanding of
smaller and smaller features — more and more about less and less. The variety of fluvial forms
(in the natural world) . . . illustrate(s) the very limited way in which detailed fluvial

research has been able to contribute to a broad understanding of rivers and channelways.

It is time to draw conclusions from all that has been learned in the past 50 years, and apply
them, in a suitably simplified way and at relevant scales, to entire fluvial systems, and to
studying how such systems have evolved over time.

4.1 Introduction: Geomorphic approachesto
river characterization

Despite the seeming simplicity of flow interac-
tions with sediments on valley floors of differing
slope, there is remarkable diversity in river mor-
phology. Various laboratory, empirical, and theo-
retical studies have demonstrated that there is
a continuum of river character and behavior, in
which individual variants of river morphology fit
along a gradation of stream power and grain size
trends (Bridge, 1985). Increasing recognition and
documentation of the diversity of river morpholo-
gy is emphasized by the book edited by Miller and
Gupta (1999) entitled Varieties of Fluvial Form.
This chapter appraises approaches to the charac-
terization of river morphology.

In simple terms, rivers comprise an array of
bedrock and alluvial (free-forming) variants. Dif-
ferentiation of bedrock and alluvial systems re-
flects the balance between sediment supply and
channel transport capacity (Montgomery et al.,
1996). Along bedrock rivers, transport capacity ex-
ceeds the rate of sediment supply (i.e., they are
sediment supply limited). As such, their morphol-
ogy is a function of the physical characteristics of
the bedrock rather than the hydraulic and sedi-
ment transport characteristics of the river. Banks
are imposed, so bed morphology drives adjustment
in channel shape and the assemblage of geomor-
phic units. In contrast, alluvial rivers either attain
a balance between rates of sediment supply and

Mike Kirkby, 1999, p. 514

sediment transfer, or there is excess sediment sup-
ply such that aggradation is induced (i.e., they are
transport limited). Channel morphologies adjust
to prevailing flow and sediment conditions, en-
abling them to convey a wide range of discharge
and sediment loads. In most situations, the assem-
blage of geomorphic units is maintained by small-
scale, short-term adjustments and the range of
flow conditions that occur within the channel
zone. Abrupt thresholds exist between gravel-bed,
sand-bed and fine-grained channels (Howard,
1980, 1987). Compared to bedrock channels, allu-
vial rivers tend to have lower gradients, higher
sinuosity with more pools, and greater capacity
for morphological adjustment (Montgomery et al.,
1996; Montgomery and Buffington, 1998; Tinkler
and Wohl, 1998; Wohl, 1998).

The inordinate diversity of river forms and
processes presents significant challenges in the de-
velopment of a flexible and generic approach to
river classification. However, these challenges
must be met head-on by river scientists; other-
wise, managers will adopt strategies that conform
to their own criteria, often divorced from, or mis-
applying, geomorphic principles. The challenge of
embracing morphological continua in derivation
of river classification procedures is compounded
by temporal variability. Many alluvial rivers adopt
differing planform configurations at differing flow
stages (e.g., ephemeral and monsoonal rivers).
Inevitably, as rivers change over time, so must
their classification category. Indeed, capacity to



8o Chapter 4

change and system dynamic may, in themselves,
provide a basis for river classification!

Practical approaches to river classification
must move beyond description of the visual char-
acter of a reach to include interpretation of
river behavior, explaining why that particular
morphology has been adopted. Ideally, this under-
standing can be related to the landscape setting,
framing insights in terms of reach position in the
catchment, upstream and downstream controls,
the balance of impelling and resisting forces, sedi-
ment and flow regimes, and river evolution (see
Chapter 3). Principles of geomorphic convergence
or equifinality may ensure that any given river
type may reflect a range of controlling variables
and processes.

The approach to river classification adopted in
thisbook endeavors to allow each field situation to
“speak for itself.” Attributes of river character are
assessed at a range of scales. Channel morphology
is differentiated into two components: the bed and
the banks. Bed morphology is appraised at two
scales: transient bedforms (Section 4.2.1) and
form-process associations of instream geomorphic
units (whether erosional (Section 4.2.2), midchan-
nel (Section 4.2.3), or bank-attached features
(Section 4.2.4)). Bank morphology and a summary
of bank erosion processes are presented in Section
4.3. Bed and bank morphology are then combined
to appraise channel shape (Section 4.4) and chan-
nel size (Section 4.5). Floodplain formation and re-
working processes, and related geomorphic units,
are discussed in Section 4.6. Variants of channel
planform in laterally-unconfined settings, and
their controls, are outlined in Section 4.7. Finally,
the role of valley confinement as a determinant of
river morphology and associated bedrock river
variants is discussed in Section 4.8.

4.2 Channelbed morphology

Bed material can be molded into coherent struc-
tures that may be broadly classed as “hydraulic”
features (microscale and mesoscale), in that de-
velopment is related to local flow conditions
over the bed, or “sediment storage” features
(macroscale and megascale) which represent larger
scale instream landforms. These various features
affect flow resistance, the dynamics of sediment

transport, and the form of the channel bed (see
Chapter 3). In general terms, gravel- and sand-bed
rivers adjust their morphology around a range of
morphodynamic features over an array of scales,
while bedrock and boulder streams tend to be lo-
cated in high-energy, erosional settings in which
flows either flush materials through the reach or
coarse bedload materials impose an irregular bed
morphology.

The size and shape characteristics of bed ma-
terial at any point along a river are determined by
the volume and caliber of materials supplied and
the capacity of flow to rework it. Suites of bed-
forms reflect local sorting under differing flow
energy conditions, controlled primarily by rela-
tionships between velocity, flow depth, and bed
material size. Broader, within-reach, and down-
stream changes in bed material caliber exert a
dominant influence on the geomorphic unit struc-
ture of areach, and hence river morphology.

The nature and pattern of instream geomorphic
units are fashioned by flow energy within a reach,
and the capacity of flow to mould available ma-
terials. Among many considerations, this is in-
fluenced by the volume, caliber, and mobility
(packing) of bed materials. If a reach has excess
energy relative to available sediment of sufficient
size, flushingis likely to occur. Alternatively, with
excess sediment availability or insufficient flow
energy, continuous instream sedimentation is
likely to occur, commonly in the form of near-
homogenous sheets. In some instances, the array
of observed features may record past events, pos-
sibly extending back over hundreds or even
thousands of years. Elsewhere, the diversity and
configuration of features may record responses to
the last major flood event. Vegetation may have a
significant rolein controlling the rates and types of
deposition and erosion on different surfaces. Prior
to documenting the range of instream geomorphic
units, smaller-scale sand and gravel bedforms are
briefly described.

4.2.1 Sand and gravel bedforms

Natural streams are seldom characterized by flat
beds. Such a form is unstable, and tends to become
deformed to produce a suite of bedforms that ad-
justs over differing time periods. When shear stress
exceeds a critical threshold, cohesionless beds are
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Figure 4.1 Bedform configuration in sand- and gravel-bed channels (modified from Knighton, 1998 and Reid et al.,

1992)

The sequence of bedforms in sand-bed streams (a) is dictated by surface water profile and flow intensity (see text).
Particle organization in gravel-bed streams (b), such as pebble clusters and transverse ribs, reflects differing flow—

sediment interactions.

molded into differing geometric forms dependent
upon flow characteristics. In turn, bedform geo-
metry influences flow resistance and the nature/
distribution of flow energy in complex feedback
relationships (Knighton, 1998). Bedforms reflect
local variations in the sediment transport rate,
generating orderly patterns of erosional and depo-
sitional forms. Sediment transport rates vary
across individual bedforms as a result of form-
induced accelerations and decelerations in flow,
promoting scour in the troughs and deposition to-
wards the crests.

Bed morphology of sand-bed streams adjusts
readily to changes in flow and/or sediment supply
conditions. Given the small size and low inertia of
individual grains, bed material is mobile over a
wide range of flows, creating instabilities in the
form of ripples, dunes, and antidunes. These lower
and upper flow regime forms are classified accord-
ing to their shape, resistance to flow, and mode
of sediment transport (Figure 4.1a; Simons and
Richardson, 1966). Lower flow regime conditions
comprise plane bed with no motion, ripples, or

dunes. At these stages, form roughness is domi-
nant. Upper flow regime conditions comprise
plane bed with motion and antidunes. At these
stages, grain roughness is dominant. Bed configu-
ration in the transition zone between these two
regimes is characterized by the washing out of
dunes as the bed approaches plane bed with
motion.

Starting with a flat sandy bed (lower-stage plane
bed), some sediment transport can take place over
the surface at shear stresses just above the entrain-
ment threshold. However, the bed is deformed
at relatively low competent stresses into small
wavelets instigated by the random accumulation
of sediment and then into ripples which are rough-
ly triangular in profile, with gentle upstream and
steep downstream slopes, separated by a sharp
crest. Rarely occurring in sediments coarser than
0.6mm, ripples are usually less than 0.04m in
height and 0.6 m in wavelength. These dimensions
are seemingly independent of flow depth. With
coarser grain sizes, wavelengths tend to be longer,
while ripple height is marginally greater. Initiated
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by the turbulent bursting process, these small bed-
forms translate downstream at speeds inversely
proportional to their height, reflecting discontinu-
ous movement of bed material load.

As shear stresses increase, ripples are overtaken
and eventually replaced by dunes, the most com-
mon type of bedform. Although superficially simi-
lar, they can be distinguished from ripples by their
larger height and wavelength, attaining values in
excess of 10'm and 10°m respectively in large
rivers. Unlike ripples, dune height and wavelength
are directly related to water depth, approximately
in the form whereby height is up to one-third of
flow depth and wavelength is 4-8 times flow depth
(Knighton, 1998). The upstream slope of dunes
may be rippled (Figure 4.1). Dunes are eventually
washed out to leave an upper-stage plane bed char-
acterized by intense bedload transport, which
prevents the patterns of erosion and deposition re-
quired for the formation of three-dimensional bed-
forms. As flow intensity again increases, standing
waves develop at the water surface and the bed is
remolded into a train of sediment waves which
mirror the surface forms. These antidunes are
more transitory and much less common than
dunes. They form in broad, shallow channels of
relatively steep slope when the sediment transport
rate and flow velocity are particularly high.
Antidunes can migrate upstream through scour on
the downstream face and deposition on the up-
stream face, move downstream, or remain station-
ary. They develop under conditions of such rapid
flow that the probability of structures being con-
structed and preserved is very limited.

Bedform features tend to scale to the size of the
largest clast. Hence, in gravel-bed and coarser
textured streams, a differing array of depositional
forms lines the channel bed (Figure 4.1b). Features
such as pebble clusters and transverse ribs that
form along steep channels with shallow, rapid flow
reflect the ability of streams to sort and transport
material over a wide range of flow and bed material
conditions (Richards and Clifford, 1991). Pebble
clusters generally consist of a single obstacle pro-
truding above the neighboring grains together
with upstream and downstream accumulations of
particles (i.e., their long axis is parallel to flow;
Brayshaw, 1984). In contrast, transverse ribs form
as sheet-like deposits under highly sediment-
charged conditions, and their long axes are trans-

verse to flow (Koster, 1978). Repeated ridges of
coarse clasts may be evident, the spacing of which
is roughly proportional to the size of the largest
particle in the ridge crest.

4.2.2 Sculpted (erosional) geomorphic units

Bedrock and boulder geomorphic units reflect
largely nondeformable channel features around
which flow and sediment accumulations locally
adjust. These features are shaped by antecedent
controls such as structural and/or lithological con-
siderations and the impacts of major flood events.
Forced morphologies tend to form in reaches with
steeper gradients (high transport capacity) and/
or lower sediment supply relative to their
free-forming counterparts (Montgomery and
Buffington, 1997). In most cases, sculpted or ero-
sional forms reflect processes that occur during
high-energy conditions. Erosion of bedrock occurs
via the chemical action of water (corrosion), the
mechanical (hydraulic and abrasive) action of
water armed with particles (corrasion), and the ef-
fects of shock waves generated through the col-
lapse of vapor pockets in a flow with marked
pressure changes (cavitation; Knighton, 1998). The
largest clasts are customarily exposed above the
water surface and typically have a diameter similar
to the depth of the channel (Church, 2002). These
features contribute to considerable energy loss
during flood events.

A gradient of channel slope, bed material size,
and stream power conditions induces a continuum
of variants of instream geomorphic units, includ-
ing waterfalls (steps), rapids, cascades, runs,
forced riffles, and pools (see Table 4.1). Specific
conditions under which these differing forms of in-
stream geomorphic units are formed may vary in
different environmental settings, reflecting local
combinations of factors such as slope, flow,
discharge characteristics (or history), range of
sediment availability, and bed material caliber,
or various forcing conditions such as imposed
bedrock steps or constrictions, changes in valley
alignment, or loading of woody debris. For these
reasons, significant variability has been reported
in the range of conditions under which individual
instream geomorphic units are formed (cf., Grant
et al., 1990; Abrahams et al., 1995; Montgomery
and Buffington, 1997, Wohl, 2000; Church 2002;



Table 4.1 Sculpted, erosional geomorphic units.

Unit Form

Process interpretation

Bedrock step (waterfall)
A

Locally resistant bedrock that forms channel-
wide drops. Transverse waterfalls>1m
high separate a backwater poolfroma
plunge pooldownstream.

Q/"

Waterfall / bedrock
Step with plunge pool

Rapid Very stable, steep, stair-like sequences formed
N by arrangements of bouldersinirregular
transverse ribs that partially or fully span
the channelin bedrock-confined settings.
Rapidsin bedrock channels may be
analogous with riffles in alluvial systems.
Individual particles break the water surface
at low flow stage.

Rapid

Cascade

AN

Very stable, coarse-grained or bedrock
features observed in steep, bedrock-confined
settings. Comprise longitudinally and laterally
\ disorganized bed material, typically cobbles
\ and boulders. Flow cascades over large
bouldersin aseries of short stepsaboutone
clastdiameter high, separated by areas of
more tranquil flow of less than one channel
width in extent.
Stretches of uniform and relatively featureless
bed, comprising bedrockor coarse clasts
(cobble or gravel). These smooth flow zones

Cascade

Run (glide, plane-bed)

>

=
%m are either free-flowing orimposed shallow
channel-like features that connect pools.
Rin They may occurin eitheralluvial or bedrock-

imposed situations. Individual boulders may
protrude through otherwise uniform flow.

Erosional features formed and maintained as turbulent flow falls near-
vertically overthe lip of the step. Steps are major elements of energy
dissipation. These locally resistant areas may represent headward-
migrating knickpoints. Equivalent features may be forced by woody
debris.

Boulders are structurally realigned during high energy events to form stable
transverse ribs that are associated with neither divergent nor convergent
flow. Typically, 15-50% of the stream demonstrates supercritical flow.
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More than 50% of the stream area is characterized by supercritical
flow. Typically associated with some downstream convergence of
flow. Near-continuous tumbling/turbulent and jet-and-wake flow
overand around large clasts contributes to energy dissipation. Finer
gravels can be stored behind larger materials or woody debris.
During moderate flow events, finer bedload materials are transported
over the more stable clasts that remain immobile. Local reworking
may occurin high magnitude, low frequency events.

Plane-bed conditions promote relatively smooth conveyance of
water and sedimentin these linking features. Slopes are intermediate
between pools and riffles.

€8
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Unit Form Process interpretation
Forced riffle Longitudinally undulating gravel or boulder Flow is characterized by high energy turbulence over lobate
accumulations thatact as local steps. The accumulations of coarse bedload materials, woody debris, and
%@% irregular spacing of these features is dictated bedrock outcrops. Atthe lower end of the energy spectrum, riffle—
Q{)q%; by the distribution of bedrock outcrops, poolspacingin bedrock-confined settings may reflect purely
Forced riffle ) woody debris, or hillslope sedimentinputs rhythmic hydraulic processes of sediment transport.
alongtheriver. Theytendto occuratwider
sections of valley in bedrock-confined
systems (e.g., attributary confluences).
Forced pool These deeperareas along longitudinal profiles These areas of tranquil flow within high energy settings may

are scour features associated with irregularly
spaced bedrock outcrops, woody debris, and
forced riffles. A backwater pool may form
immediately upstream of a bedrock step.

Forced pool

Plunge pool

VL@/«

Waterfall / bedrock
Step with plunge pool

Deep, circular, scour feature formed at the
base ofabedrock step.

Pothole

=)
&

Pothole

These deep, circular scour features occurin
areas where flow energyis concentrated. They
are commonly associated with weaknesses or
structural changes in bedrock.

/—-b

accumulate finer-grained materials at low—moderate flow stage, but
theyare flushed and possibly scoured during extreme events. At the
lower end of the energy spectrum, riffle—pool spacing in bedrock-
confined settings may reflect purely rhythmic hydraulic processes of
sedimenttransport.

As flow plunges over a step, its energyis concentrated and scour
occurs by corrosion, cavitation, and corrasion processes. Erosion
may be aided by preweakening by weathering.
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Potholes are sculpted from bedrock by corrasion (i.e., hydraulicand
abrasive action of water). The effectiveness of this process is
determined by the volume and hardness of particles thatare trapped
inthe pothole. Abrasion isinduced by these particles, which deepen
and widen the pothole.
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Halwas and Church, 2002). There is considerable
overlap in the range of conditions/settings in
which individual features form. Hence, interpreta-
tions of controls on form-process associations
must relate general (theoretical) principles to site
specific considerations.

Waterfalls or bedrock steps are characterized by
falling flow over bedrock or boulder steps that have
anear-vertical drop greater than 1 m. Plunge pools
are circular scour features that form when flow be-
comes concentrated at the base of waterfalls, steps,
or obstacles (Wohl, 2000). The force of the flow in-
duces corrasion and cavitation. Potholes are deep,
spherical features sculpted into bedrock. They
commonly form in areas of bedrock weakness or
structural changes. Once initiated, bedload parti-
cles trapped within the pothole induce scour by
corrasive erosion during turbulent flow, widening
and deepening the feature.

Rapids are stair-like arrangements of boulders
on steep slopes. Individual particles are numerous
enough or large enough to break the water surface
atmean annual discharge (Graf, 1979). Rapids form
by transverse movement of boulders at high flow
stage (recurring perhaps once every few years). A
series of ridges of coarse clasts spaced proportion-
ally to the size of the largest clast is produced.
Grantetal. (1990) distinguish rapids from riffles by
their increased steepness, their greater areal pro-
portion of supercritical flow, and the arrangement
of boulders into transverse ribs that span the chan-
nel. Rapids in bedrock channels may be analogous
with riffles in alluvial systems.

Cascades occur on steep slopes (<0.1mm™),
and are characterized by longitudinally and later-
ally disorganized bed material that typically com-
prises cobbles and boulders (Montgomery and
Buffington, 1997). Near-continuous tumbling/
turbulent and jet-and-wake flow occurs over and
around individual large clasts in a series of short
steps about one clast diameter high. These clasts
induce significant energy dissipation. Finer
gravels can be stored behind larger materials or
woody debris. During moderate flow events, finer
bed-load materials are transported over the more
stable clasts that remain immobile during these
flows. Localized reworking may occur in high
magnitude, low frequency events.

Step-pool sequences occur on gradients between
0.03-0.10mm~' (Montgomery and Buffington,

1997). These channel-spanning stair-like features
comprise boulder or cobble clasts or woody debris
separated by areas of quieter flow in a backwater
pool upstream from a plunge pool downstream.
The risers of individual steps are generally made
up of several large boulders, or keystones
(Zimmermann and Church, 2001). When D/d~1.0
and the width of the channel is less than an order of
magnitude greater than the diameter of the largest
stones within it, keystones form stone lines that
define steps (see Chin, 1989, 1999). These stone-
lines act as a framework against which smaller
boulders and cobbles are imbricated. The tightly
interlocking structure of these features results
in considerable stability, such that steps are only
likely to be disturbed during extreme floods.
Mobilization of the keystones typically requires a
flood event with a recurrence interval in excess of
50 years (Grant etal., 1990). Given the need for one
or more keystones, step development is strongly
influenced by local sediment supply and transport
conditions. In most cases, steps are randomly
placed, reflecting random delivery of keystones to
the channel (Zimmermann and Church, 2001;
Church, 2002). The small pools between steps
provide storage sites for finer grained bedload ma-
terial, creating a contrast in sediment size which is
much sharper than that between riffles and pools.
The spacing of consecutive step—pool elements is
related to channel size, with average values of
about three channel widths (Whittaker, 1987;
Chin, 1989). A pseudocyclic pattern of accelera-
tion and deceleration characterizes the flow
regime as water flows over or through the boulders
forming each step before plunging into the pool
below. Such tumbling flow is supercritical over the
step and subcritical in the pool. Turbulent mixing
results in considerable energy dissipation
(Whittaker and Jaeggi, 1982). Further energy is ex-
pended by form drag exerted by the large particles
that make up the steps. Thus, step-pool sequences
have an important resistance role.

Runs are generally uniform and relatively fea-
tureless forms with trapezoidal cross-sections.
They compriselongstretches of bedrock and coarse
clasts, although individual boulders may protrude
through otherwise uniform flow. They are typi-
cally generated under plane-bed conditions on
moderate slopes of 0.01-0.03 mm~! (Montgomery
and Buffington, 1997). In general, runs (or glides)
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have low velocities and low water-surface gradi-
ents (McKenney, 2001). However, under plane-bed
conditions the volume of coarse sediment inputs
exceeds the transport capacity of the channel, such
that aggradation induces a relatively homogenous
bed profile. These features can form in either
bedrock-dominated or fully alluvial settings.

The transition from runs to riffle-pool morphol-
ogy tends to be accompanied by increased sedi-
ment supply and/or decreased transport capacity
(Montgomery and Buffington, 1997). Forced pools
and riffles are longitudinally undulating features
that typically form along confined valleys with
slopes >0.0lmm™!. Unlike their free-forming
counterparts, these features are generally irregu-
larly spaced. Quiet flow through deeper areas
(pools)is often separated by turbulence over lobate
accumulations of coarse bedload materials in
intervening shallow riffles. The formation of
forced pools and riffles may be induced by woody
debris accumulations or downstream changes in
bedrock resistance, which controls variations
in bed topography, valley width, or alignment.
Alternatively, sediment input from tributaries or
mass-movement inputs from hillslopes may fash-
ion the pattern of riffles and pools. At the lower end
of the energy spectrum, rifflepool spacing in
bedrock-confined settings may reflect purely
rhythmic hydraulic processes of sediment trans-
port (see below). In these cases, the primary riffles
may remain anchored in place or may migrate
slowly along the system dependent upon the rela-
tive mobility of the material forming the channel
bed and the valley configuration. Abrupt changes
in valley alignment or confinement may anchor
otherwise migratory sediment accumulations
(Church, 2002).

The shape of pools may vary markedly along
river courses. This is particularly evident in
bedrock-controlled reaches, or any local area
where forcing elements, such as woody debris or a
cluster of large boulders, promote scour. For exam-
ple, McKenney (2001) differentiates between bluff
pools and lateral pools, both of which have low
velocities and low water-surface gradients. Bluff
pools are characterized by poorly sorted sand-
to boulder-sized bed material, v-shaped cross-
sections, and bedrock or coarse talus banks.
Lateral pools have gravel- to cobble-sized bed ma-
terial, asymmetrical cross-sections, and banks

that comprise alluvial materials. In bedrock-
controlled reaches, pool morphology is largely
imposed by lithologic variability (i.e., measures of
hardness) and changes in valley alignment. Any
factor that accentuates scour, promotes pool de-
velopment. Pronounced variability may be evi-
dent in pool depth. These features often provide
the last remaining waterholes along ephemeral
systems. In many settings, shallow elongate pools
at low flow stage act as runs (or glides) at moderate
flow stage.

4.2.3 Midchannel geomorphic units

Midchannel geomorphic units tend to scale to the
dimensions of the channel in which they form.
These features have strong relationships with
other morphological attributes of rivers, notably
channel shape and channel planform. Given the
tendency for bed material caliber and slope to de-
crease and discharge to increase downstream,
systematic changes in bed configuration may be
expected in that direction. A range of midchannel
depositional forms is presented in Table 4.2..

The most common midchannel geomorphic
units are accumulations of deposits referred to as
bars. These free-forming depositional features are
areas of net sedimentation of comparable size to
the channels in which they occur (Smith, 1978).
Bar form and configuration provide key indicators
into formative processes, reflecting the ability of a
channel to transport sediment of different caliber.
In turn, bars interact with, and influence, the pat-
terns of flow through a reach. Flow divergence pro-
duces a zone of low tractive force and high bed
resistance, which accentuates sediment deposi-
tion. Coarse materials often make up the basal
platform of bars (Bluck, 1971, 1976, 1979). Bedload
materials stored in bars are frequently reworked as
channels shift position. Midchannel forms are
more likely to be reworked than bank-attached
features as they are often aligned adjacent to, or
within, the thalweg zone. Long-term preservation
of bars is conditioned by the aggradational regime
and the manner of channel movement. These bar
forms are more a reflection of sediment supply
conditions and channel-scale processes than local
fluid hydraulics (Knighton, 1998).

Bars are generally classified by their shape and
position, ranging from simple unit bars composed



Table 4.2 Midchannel geomorphic units.

Unit Form Process interpretation

Riffle and pool Riffle Riffle
Topographic highs alongan undulating Riffles are zones of temporary sediment accumulation

longitudinal profile. They occurat characteristic
locations, typically between bends (the
inflection point) in sinuous alluvial channels.
Clusters of gravel (up to boulder size) are
organized intoribs, typically with arippled
water surface at low flow stage. Alluvialriffles
are alternating shallow step-like forms that
span the channelbed. These sediment
storage zones tend to comprise tightly
imbricated bed materials, suggesting the
action of local sorting mechanisms. They
induce local steepening of the bed.

Pool

Pools may span the channel, hosting tranquil
or standing flow at low flow stage. Alluvial
pools are alternating deep areas of channel
alongan undulating longitudinal bed profile.
Pools tend to be narrower than riffles and act
as sediment storage zones. These forms tend
to occur at characteristic locations, typically
alongthe concave bankofbends in sinuous
alluvialchannels.

thatincrease roughness during high flow stage,
inducing deposition. Concentration of coarser
fractions at high discharges (bankfull and above)
produces incipientriffles, while lower flows (up to
bankfull) may be sufficiently competent to amplify
and maintain the initialundulations once they have
reached acritical height. In subsequent high
discharges, deposition occurs as the resistance of
these featuresinduces areduction in velocity over
theriffle surface. At high flow stage the water
surfaceis smooth, as bed irregularities are
smoothed out. Riffles are commonly dissected
duringthe falling stage of floods, when the water
surface is shallow and steep, and the stepped

long profile is maintained. Although very stable,
with 5-10% of the stream area in supercritical flow
and some small hydraulic jumps over obstructions,
riffles may be mobile at and above bankfull stage.
Indeed, they may be removed and replaced during
extreme floods, as they reform at lower flow stages
(velocity reversal hypothesis).

Pool
Athigh flow stage, when flow converges through

pools, decreased roughness and greater bed shear
stresses induce scourand flushing of sediment
stored on the bed. Subcritical flow occurs at low
flow stage, when divergent flow occurs. Pool-
infilling subsequently occurs, as pools act as areas
of deep, low flow velocity and near-standing water
conditions. Pools and riffles are genetically-linked
in alluvialrivers. Velocity reversal at high flow stage
maintains these features.
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Unit

Form

Process interpretation

Longitudinal bar (medial bar)

Midchannel, elongate, teardrop-shaped unit

bar, in gravel-and mixed-bed channels. Bar
deposits typically decreasein size
downstream, away from a coarser bar head.
May contain distinctimbrication.

Midchannelunitbar, oriented perpendicular

to flow, generally found at points of abrupt
channeland flow expansion pointsin sand-
bed channels. They have a lobate or sinuous
frontwith anavalanche face. The upstream
section ofthe baris characterized by aramp
which may be concave in the centerwith an
arcuate shape.

Midchannelunit bar, oriented diagonally to

banksin gravel- and mixed-bed channels.
These bars commonly have an elongate, oval,
orrhomboid planform. Particle size typically
fines down-bar. Commonly associated with a
dissected riffle.

Coarse-grained (up to boulder size)

midchannelbarwith afan-shaped planform.
Streamlined ridge forms trail behind
obstructionsinthe channel. Foreset beds
commonly dip downstream with a very rapid
proximal-distal grain size gradation. Often
occur downstream of a bedrock constriction
that hosts a forced pool. May be colonized
and stabilized by vegetation.

As flow diverges around the coarse bedload fraction it
isnolonger competentto transport sedimentand
materials are deposited in midchannel. Finer
materials are trapped in the wake. Alternatively,
thereistoo much sediment forthe channelto
transport (i.e., exceedence of a capacity limit under
highly sediment charged conditions) and materialis
deposited.

Formed via flow divergence in highly sediment-
charged sandy conditions. Flow moves over the
center of the bar, diverges and is pushed up the
ramp face. Sedimentis pushed over the avalanche
face and deposited onthe lee side. Asaresult, the
bar builds and moves downstream as arib.
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Formed where flow is oriented obliquely to the
longitudinal axis of the bar. May indicate highly
sediment charged conditions or reworking of riffles.

As flow expands abruptly at high flood-stage in high-
energy depositional environments, it loses
competence and induces deposition. Dissection is
common atfalling stage. These bars remain fairly
inactive between large floods, constraining
processes at lower flow stages.



Island

Boulder mound

Bedrock core bar
/’_—»\
y

Sand sheet

Vegetated midchannelbar. Can be emergent
at bankfull stage. Generally compound forms,
comprising an array of smaller-scale
geomorphic units. They are commonly
elongate in form, aligned with flow direction.
They scale to one or more channelwidthsin
length.

Linguoid shaped boulder feature with a
convex surface cross-section. Comprise a
cluster of boulders without matrix, finingina
downstream direction.

Elongate bedrock ridge over which sediments
have been draped and colonized by
vegetation. Sediments become finer
downstream, and the age structure of the
vegetation getsyounger.

Relatively homogeneous, uniform, tabular
sand deposits which cover the entire bed. May
consistofan array of bedforms, reflecting
riffle, dune, or plane-bed sedimentation.

Generally form around a bar core that has been

stabilized by vegetation. This induces further
sedimentation ontheisland. Islands are
differentiated from bar forms by their greater size
and persistence, reflecting their relative stability
and capacity to store instream sediments. The
pattern of smaller-scale geomorphic units that
comprise anisland reflects the history of flood
events and processes which form and rework the
island.

Deposited under high velocity conditions. When the
competence limit of the flow drops, the coarsest
boulders are deposited, forming obstructions to

flow. Secondary lee circulation occurs in the wake of

the coarse clasts. Finer boulders and pebbles are
subsequently deposited downstream of the core
clasts, resulting in distinct downstream fining.

Duringthe waning stages of large flood events,
sediments are deposited on top of an instream
bedrockridge. When colonized by vegetation,
additional sedimentis trapped and accumulates on
top ofthe bedrock core. Overtime the bar builds
vertically and longitudinally as sediments are
trapped in the wake of vegetation.

Formed when transport capacity is exceeded or
competenceis decreased and bedload deposition
occursacrossthe bed. Generally reflect transport

capacity-limited conditions due to an oversupply of
sediment. Bedforms are subject to frequent removal
and replacement by floods as the sand sheet moves

downstream as a pulse.
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Table4.2 Continued

Unit

Form

Process interpretation

Gravelsheet (basalor channel lag)

Forced midchannelbar (pendant bar, wake bar,
lee bar)

Compound midchannelbar
chute channel

scour hole

ramp contained within
a chute channel

Relatively homogeneous, thin/tabular bedload
sheets that are deposited across the bed.
Often coarse-grained and poorly sorted. May
consistofan array of gravel bedforms such as
pebble clustersandribs.

Amidchannelbarformthatisinduced by a
flow obstruction (e.g., bedrock outcrop,
boulders, large woody debris, vegetation).
Theresultant bar form often has a
downstream dipping slip face as the bar
extends downstream.

Amidchannelbarthat comprises an array of
smaller-scale geomorphic units. Their
variable morphology depends on material
texture, flow energy, and the history of flood
events thatinduce formation and subsequent
reworking, producing chute channels, ramps,
ordissection features. Further deposition
may formridges and lobes. Ifvegetation
colonizes parts of the bar, additional
depositional features result, producing an
island.

Deposited under uniform energy conditions in highly

sediment charged rivers. Generally indicates
transport capacity-limited or competence-limited
conditions due to oversupply of sediment. Surficial
gravel bedforms are subject to frequent removal
andreplacementbyfloods as the sheet moves
downstream as a pulse. May represent residual
deposits that form a basal lag or a diffuse gravel
sheet, reflecting rapid deposition and/or prolonged
winnowing. May be armored.

Perturbations in flow and subsequent deposition are

induced by obstructions. The resultant bar
morphology is shaped by the flow obstruction,
which forces flow around the obstruction and
deposition inits wake in secondary flow structures.
Depending on flow stage, these secondary flow
structures may locally scour the bed. These bars
build in a downstream direction and may become
vegetated.

The assemblage of geomorphic unitsis dependent

largely on channelalignment (and associated
distribution of flow energy over the bar surface at
different flow stages) and patterns of reworking by
flood events. Formed initially from the lag
deposition of coarser sediments (a unit bar). At high
flow stage the bar may be reworked or material
deposited around obstructions. At low flow stage,
the bar may have finer depositional features
deposited on top of the bar platform. The range

of bedforms reflects sediment transportacross the
surface.
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of one depositional feature (Smith, 1974) to
compound forms that reflect multiple phases of
deposition and reworking under a range of flow
conditions (Brierley, 1996). As different types of
bar tend to develop under particular sets of flow en-
ergy and bed material texture conditions, a typical
down-valley transition in forms can be discerned,
ranging from midchannel to increasingly bank-
attached forms (Church and Jones, 1982).

The formation of midchannel bars reflects cir-
cumstances in which the coarse bedload fraction
can no longer be transported by the flow (exceed-
ence of a competence limit) or there is too much
material for the flow to transport, and instream
deposition occurs (exceedence of a capacity limit).
These conditions tend to be associated with gravel
(or coarser) and sand-bed channels respectively.
Most midchannel bars are characterized by down-
stream fining sequences, where the coarsest frac-
tion is deposited at the head of the bar, and finer
materials are deposited in the lee by secondary
flow currents. Midchannel bars tend to accrete in a
downstream direction.

Bed material character and the competence of
flow to transport it determine the formation of
longitudinal bars (Leopold and Wolman, 1957).
These features form as flow divides around a tear-
drop shaped structure, depositing materials in the
lee of the coarser bar head. Subsequent deposition
leads to downstream extension and vertical accre-
tion, resulting in an elongate, oval, or rhomboid
planform. When flow is oriented obliquely to the
long axis of the bar, a diagonal feature is produced
(Church, 1972). The upstream limb of these bars
may be anchored to the concave bank, reflecting a
dissected riffle.

In highly sediment-charged sand-bed condi-
tions, flow divergence results in the formation of
transverse or linguoid bars, which extend across
rather than down the channel (Smith, 1974; Cant
and Walker, 1978). These features have a broad,
lobate, or sinuous front with an avalanche face
(Church and Jones, 1982). A concavity in the cen-
tral part of the upstream ramp forms when flow
moves over the center of the bar, diverges and is
pushed up the ramp face. Sediment falls over the
avalanche face, depositing material on the lee side.
As a result of this mechanism, these bars extend
and move downstream. Expansion bars are coarse
grained, fan-shaped bars that are deposited in areas

of abrupt flow expansion downstream of a forced
pool. Alternatively, the entire channel bed may
comprise a homogenous sand or gravel sheet,
where a continuous veneer of sediment moves
along the channel.

Areas of channel widening or local slope de-
crease along confined valleys may induce the
development of low-relief, elongate or linguoid-
shaped boulder mounds. These features form
under high velocity conditions by the same
mechanism as longitudinal bars, but with much
coarser sediments (Zielinski, 2003). Over time, a
preferred single channel tends to become estab-
lished. Following abandonment of a side channel,
boulder mounds may evolve into flat, gravel-
boulder sheets that are attached to the bank.

Most bars are not simple unit features, but are
complex, compound features made up of a mosaic
of erosional and depositional forms. The specific
character of these features reflects river history,
differing flow stage interactions, and thalweg shift.
Reworking occurs during the rising flood stage and
deposition at waning flow stage. On midchannel
compound bars, chute channels may dissect the
bar producing a chaotic pattern of remnant units.
Ridge features may develop around vegetation.
Islands typically comprise an array of small-scale
units that are scoured or deposited around vegeta-
tion. The array of smaller-scale geomorphic units
that make up compound features provides key in-
sights into their formation and reworking (see
Chapter 5).

Alluvial riffles and pools are oscillatory bed fea-
tures, in which patterns of scour and deposition
produce a more or less regular spacing between
consecutive elements. Riffles and races have high
velocities, sorted gravel- or cobble-sized bed ma-
terial, and high water-surface gradients. Riffles
characteristically have low depths and trapezoidal
cross-sections. Races (termed coarse runs by
Rabeni and Jacobson, 1993) characteristically are
deeper than riffles and have u-shaped cross-
sections (McKenney, 2001). Concentration and
deposition of coarser fractions at high discharges
(bankfull and above) produces incipient riffles,
while scour occurs in adjacent pools. Flows up to
bankfull may be sufficiently competent to amplify
and maintain the initial pool-riffle undulations
once they have reached a critical size. Riffles tend
to have coarser, more tightly imbricated bed ma-
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terials than adjacent pools, suggesting the action of
local sorting mechanisms (Keller, 1971; Lisle,
1979; O’Connoretal., 1986). In general, riffles tend
to be wider and shallower than pools at all stages of
flow. At low flow, velocity and slope are greater
and depth is less over a riffle than in a pool.
However, differences in flow geometry and compe-
tence are more evenly distributed along a reach at
high flows. Indeed, competence may even be re-
versed so that, contrary to the low-flow condition,
it is higher in the pools at those discharges that
transport most material in gravel-bed streams
(Keller, 1971; Lisle, 1979). In combining high-flow
transport through pools and low-flow storage on
riffles, such reversal promotes the concentration
of coarser material in riffles and the maintenance
of the riffle-pool sequence. This pseudocyclic
character has a more or less regular spacing of suc-
cessive pools or riffles that ranges from 1.5 to 23.3
times channel width, with an average of 5-7 times
(Keller and Melhorn, 1978).

In low slope, low energy settings with relatively
shallow alluvial fills, accretionary forms may de-
velop atop bedrock (e.g., van Niekerk et al., 1999;
Wende, 1999). These bedrock core bars are charac-
terized by bedrock ridges atop which alluvial
materials are deposited during the waning stages
of floods. Vegetation cover enhances rates of depo-
sition and vertical accretion of these features,
which are common along bedrock-anastomosing
rivers.

4.2.4 Bank-attached geomorphic units

The geometry of channel margins reflects a combi-
nation of bank erosion processes, as channels
rework floodplain deposits or inset features, and
depositional processes that generate a range of
bank-attached geomorphic units (see Table 4.3).
Bank-attached depositional features tend to
occur in reaches that are characterized by less
sediment-charged, lower-energy conditions rela-
tive to reaches in which midchannel features are
observed.

Lateral bars are elongate features attached to
banks along relatively straight channels. They
commonly alternate from bank to bank along a
reach. Several platform levels may be evident,
separated by steep slipfaces, reflecting lateral
accretion, and/or downstream migration. In some

instances, lower platforms become progressively
finer-grained, as they form during intermittent
stages of flood recession.

Point bars typically have an arcuate shape that
reflects the radius of curvature of the bend within
which they form. An array of forms may be deter-
mined, reflecting bend curvature and bed/bank
material texture (Jackson, 1976). Point bars are at-
tached to the inner (convex) bank and are inclined
towards the center of the channel, reflecting the
asymmetrical channel geometry at the bend apex.
They form when helical flow is generated over the
bar surface as the thalweg shifts to the outside of
the bend at high flow stage. This flow moves sand
or gravel bedload by traction processes towards the
convex slopes of bends, building the bar laterally.
An around-the-bend set of sedimentary structures
and grain size trends is commonly observed. The
coarsest materials are deposited at the bar head
where the thalweg is aligned closer to the convex
bank. Further around the bend, the thalweg moves
towards the concave bank and finer-grained sedi-
ments (a bedload and suspended load mix) are de-
posited. The most recently accumulated deposits
are laid down as bar platform deposits at the bend
apex.

Unit point bars comprise one platform, whereas
compound point bars have multiple platforms
and/or an array of erosional and depositional forms
with differing bed material textures that reflect
activity at differing flow stages. Compound point
bars commonly record multiple phases of bar
reworking, bar expansion, lateral migration, and
downstream translation. The resulting array of
erosional and accretionary patterns reflects the di-
rection andrate of bend adjustment (Hickin, 1974).
In some instances, scroll bars are deposited in the
shear zone between the helical flow cell in the
thalweg zone and flow in a separation zone adja-
cent to the convex bank of a bend (Nanson, 1980).
As these features build vertically and the channel
shifts laterally, scroll bars become incorporated
into the floodplain as lateral accretion deposits.
Accretionary ridges and intervening swales are
formed. Swales record the position of the former
separation zone. Series of ridges and swales record
former positions of the channel and the pathway of
migration.

Chute channels may short-circuit the bend, cut-
ting a relatively straight channel from the head of
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the bar (Brierley, 1991). Enlargement of a chute
channel and plugging of the old channel may gen-
erate a chute cutoff which remains abandoned on
the floodplain. High energy flows down a chute
channel may form a ramp, typically comprising
coarse gravels with a steep upstream facing
surface, within the chute channel (Blum and
Salvatore, 1989, 1994). Ridges form where deposi-
tion occurs around vegetation. Alternatively,
scour may accentuate erosion within a chute chan-
nel, leaving a perched ridge shaped feature on the
barsurface. These features tend torecord the align-
ment of high flow stage over the bar.

Along tight bends in laterally constrained situa-
tions, concave bank-benches may form in the
upstream limb of obstructed or tight bends.
Suspended-load slackwater sediments are depo-
sited in a separation zone at high flow stage. Just
like point bars, these features may become incor-
porated into the floodplain as the bend assem-
blage translates downstream (Hickin, 1986).
Alternatively, point dunes may form at high ener-
gy flow stages in some laterally constrained bends
or on the top of point bars, presenting an alterna-
tive to around-the-bend depositional patterns
(Hickin, 1969).

In low to moderate sinuosity sand bed channels,
oblique-accretion benches may form as sand or
mud deposits lapped onto relatively steep convex
banks. During the rising stage of flood events, bed-
load materials are deposited atop these step-like
features. Suspended load materials cap these
deposits at waning stage, forming flood couplets.
Similarlow energy, falling stage mud drapes are ob-
served along the convex banks of channels charac-
terized by low migration rates and high suspended
load concentrations (Nanson and Croke, 1992).
When observed on the convex banks of bends,
these features are referred to as point benches.
Bench and point bench features are depositional
forms that generally reflect channel narrowing. In
contrast, ledges are erosional forms that produce a
distinct step along channel margins during phases
of channel incision and expansion.

Additional forms of bank-attached depositional
features may be observed in differing types of set-
ting. For example, open-framework boulder berms
form a step-like feature with a concave cross-
section attached to the bank in high energy, boul-
der bed systems. They may form in the zone of

large velocity gradient at bank crests at peak flood
stage and are often deposited in one event (Stewart
and LaMarche, 1967; Zielinski, 2003). Channel
junction bars commonly develop as delta-like fea-
tures, as backwater effects induce slackwater
deposition downstream of tributary confluences.
These various bank-attached depositional forms
must be complemented by assessment of bank ero-
sional processes to provide a coherent basis with
which to appraise variability in channel geometry.

4.3 Bankmorphology

Bank morphology records the balance of erosional
and depositional processes induced by the align-
ment and energy of flow at differing flow stages.
Bank morphology is also a function of bank
composition/texture. Banks comprising sands and
gravels are more susceptible to erosion than those
with a high silt-clay content. However, the former
are also more likely to have bank-attached deposi-
tional forms along their margins. Bank erosion
processes are outlined in Section 4.3.1. In Section
4.3.2 these insights are combined with analyses of
depositional processes to assess the range of bank
morphologies.

4.3.1 Bank erosion processes

In contrast to most channel beds, banks tend to
have some degree of cohesion because they con-
tain fine-grained material. In vertically stratified
(composite) banks, typically characterized by a
coarser-grained basal layer overlain by fine-
grained alluvium, the strength of less cohesive
basal materials controls bank stability and there-
fore channel width (Klimek, 1974; Andrews, 1982;
Pizzuto, 1984). Differential physical properties of
cohesive and noncohesive materials result in
marked differences in erosion rates, erosion
processes, and failure modes. Although fine-
grained materials are resistant to fluid shear,
they tend to have low shear strength and are sus-
ceptible to mass failure. Unlike cohesionless sedi-
ment, the erodibility of cohesive fine-grained bank
material may vary because of its susceptibility to
weakening.

Bank erosion entails two phases, namely detach-
ment of grains from the bank and subsequent



Table 4.3 Bank-attached geomorphic units.

Unit Form

Process interpretation

Lateral bar (alternate or side bar) Bank-attached unit bar developed along low-
sinuosity reaches of gravel- and mixed-bed
channels. Bar surfaceis generally inclined
towards the channel. These bars occuron
alternating sides of the channel. They are
generally longitudinally asymmetrical, and
may not have an avalanche face onthe
downstream side.

Scrollbar Elongateridge form developed along the
convex bank of a bend. Typically has an
arcuate morphology. Commonly develop
on pointbars.

Point bar Bank-attached arcuate-shaped bar developed

alongthe convexbanks of meander bends.
Barforms follow the alignment of the bend,
with differing radii of curvature. The bar
surfaceistypicallyinclined towards the
channelas are the sedimentary structures.

the-bend) and laterally (away from the
channel). Typically, these unit bar forms are
unvegetated.

Grain size typically fines down-bar (around-

Flow along a straight reach of river adopts a sinuous
path. Bar length and width are proportionalto these

flows. The height of the bar is dictated by flow depth.

Bars form by lateral or oblique accretion processes,
with some suspended load materials atop (i.e.,
typically upward fining depositional sequence).
They generally migrate in a downstream direction.

Formed by atwo-dimensional set of flow paths on the
inside of abend. Adjacentto the thalweg, sand or
gravel bedload materialis moved by traction
towards the inner sides of channelbends via helical
flow. Thisisaccompanied by a separation zone
adjacentto the bank formed at near-bankfull stage
and flow alignment shifts adjacent to the bank.
These two flow paths converge, leading to the
deposition of aridge-like feature on the point bar
surface. Associated with laterally migrating
channels, scroll bars reflect the former position of
the convex bank. With progressive channel shift
and stabilization by vegetation, scrolls develop into
ridge and swale topography.

Result from lateral shiftin channel position associated
with deposition onthe convexbankand erosion on
the concave bank. Sand or gravel bedload material
is moved by traction towards the inner sides of
bendsvia helical flow. Differing patterns of
sedimentation are imposed by the radius of
curvature (bend tightness) as well as the flow
regime and sediment-load. The coarsest materialis
deposited from bedload at the bar head, where the
thalwegis aligned adjacent to the convexbank (at
the entrancetothe bend). As the thalweg moves
away from the convexbank down-bar, lower energy
suspended load materials are deposited in
secondary flow circulation cells, as the propensity
fordepositionisincreased. Secondary flow also
forces material up onto the face of the bar, building
it laterally.
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Tributary confluence bar (channeljunction bar,
eddy bar)

NG
— ‘)

Ridge and chute channels (cross-bar channels)

T

—

chute
channels

N\

ridge

Ramp (chute channelfill) and point dune

Formed at, and immediately downstream of,

the mouth of tributaries. These delta-like
features have an avalanche face. They
generally comprise poorly sorted gravel, sand,
and mud with complexand variable internal
sedimentary structures. These slackwater
deposits arevery prone to reworking.

Ridge

Linear, elongate deposit formed atop a bar
platform on amidchannelor bank-attached
bar. May be curved or relatively straight.
Tend to fine downstream. May be formed
downstream of vegetation or other
obstructions on the bar surface.

Chute channel

Elongate, relatively straight channel that
dissects a bar surface. Usually initiated at the
head ofthe bar. Acommon featureona
range of bank-attached, midchannelbars
andislands, leading to the formation of
compound features.

Ramp

Coarse-grained, ramp-like form created by
partially infilled chute channels. Formed at
the upstream ends of bends and rise up from
the channelto the bar surface.

Pointdune

Dune bedformsthataccrete along convex
banks, generally atop compound point bars.
These have a down-valley alignment, rather
than reflecting around-the-bend trends.

Typically form at high flood stage in reaches where a
comparatively minor tributary enters the trunk
channel. Flow separation and generation of
secondary currents in the backwaterzones promote
sedimentation in sheltered areas under low flow
velocity conditions.

Ridge

Ridge morphology and alignment atop bar surfaces
reflect the character of channeladjustment over the
barat high flow stages. Vegetation promotes ridge
developmentwith sediment being deposited in the
wake.

Chute channel

These features dissect a formerly emergent bar
surface. During the rising stage of over-bar flows,
scouroccurs. Ifthe baris short circuited, flow
energy is concentrated, inducing scour that reworks
the barsand forms a chute channel.

Ramp

Under high flow conditions flow alignment over the bar
short-circuits the main channel. Arelatively straight
channelis scoured. Sedimentis subsequently
ramped up this feature, partially infilling the chute
channelwith high-energy deposits, such as gravel
sheets or migrating dunefields.

Point dune

Produced when high magnitude flowis aligned down-
valley rather than around-the-bend, typically in
sand-bed streams. Formed at high flood stage,
when the thalweg shifts to the inside of the bend
(overthe pointbar). Preserved in the falling-stages
when the thalweg switches back along the concave
bankofthe bend.
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Unit Form

Process interpretation

Bench and point bench (oblique-accretion bench) Bench

floodplain Adistinctly stepped, elongate, straight to
gently curved feature thatisinsetalong one
orboth banks. Majorin-channel sediment

May comprise obliquely attached mud-rich
bench point point concave drapeswitha convex geometryin st.Jspended

bench  bar bank load systems, or obliquely and vertically
accreted sand depositsin bedload systems.
Their sedimentary structure tends to be quite
distinct from the floodplain.

Pointbench

Distinctly-stepped, bank-attached unit
developed alongthe convexbankofa
channel. Has an arcuate planform with a
planarsurface elevated above the point bar.

Ledge Distinctly stepped, elongate, bank-attached

unit. Has a straight to gently curved

planform, flanking one or both banks and is
flat-topped. Composed of the same materials
asthe basalfloodplain (i.e., sedimentology is
laterally continuous from the ledge to the
floodplain). These erosional units reflect
incision and/or channelexpansion.

Boulder berm (boulder bench) Elongate, bank-attached stepped feature inset
againstthe bank. Can have a convex cross-
section. Comprise coarse, boulder bedload
materials with limited finer grained matrix.

floodplain

. ledge

storage unit, often situated atop bar deposits.

Bench

Formed by oblique- and vertical-accretion of bedload
and suspended load materials during smallto
moderate floods within widened channels. During
therising stage of flood events, bedload materials
are deposited atop step-like features. During the
waning stages, suspended load materials are
deposited as flood couplets atop bedload materials.
Oblique accretion benches represent low energy
falling-stage suspended load deposition in sand-
bed and mud-rich streams. Sediment depositionis
often promoted by riparian vegetation. Benches are
amajor mechanism of channel contraction
in over-widened channels.

Pointbench

Sediment deposition along the convexbankvia vertical
and/or oblique accretion of interbedded sands and
mud indicates slow lateral migration or lateral
accretion within an overwidened bend.

Formed by channel expansion processes where flows
have selectively eroded the upper units of the
floodplain as the channelincises and expands.
Unpaired ledges reflect lateral shift during incision,
whereas paired ledges indicate incision only.

v 121dvyD

Formed from bedload deposition in a single event
under high velocity conditions. Materials are
accreted (ordumped) along the bankwhere flow
velocity decreases substantially. Reworking is
restricted to subsequent high velocity events that
have the competence to mobilize the boulders.



Concave bankbench (convexbar)

concave
bank S
bench 2

floodplain

chute _ vegetated bar

bar core platform

low flow

scour v channel
gravel gravel bar
SOu i
lobe L— dune field
unvegetated scour
bar platform

Forced bank-attached bar

Bank-attached unit, often with a low ridge

acrossthe central portion parallelto the
primary channel. Located along the upstream
limb (i.e., along the concave bank) of
relatively tight bends that abut bedrockvalley
margins or a flow obstruction. Often inset
againstfloodplain. Comprise slackwater
sediments (interbedded sands and mud)

and organic materials.

Bank-attached barthat comprises an array of

smaller-scale geomorphic units. Generally
composed of laterally accreted sand or gravel,
butmayincludesiltor boulders. Variable
morphology depends on material texture, flow
energy, and the history of flood events that
form and rework the bar. Ifa baris reworked
by chute channels, ramps or dissection
features may result. Deposition may form
ridges and lobes. If vegetation colonizes parts
of the bar, additional depositional features
result. Forms of bank-attached compound
barinclude compound point bars and
compound lateral bars.

Any bank-attached bar form thatisinduced

by a flow obstruction (e.g., bedrock outcrop,
boulders, large woody debris, vegetation).
The resultant bar form often hasa
downstream fining sedimentary sequence.

Associated with flow separation and generation of
secondary currents at high flood-stage.
Sedimentation occurs in sheltered backwater zones
of relatively low flow velocity. Form from flow
separation when the primary flow filament
continues around a bend. At floodstage, flows
separate from the primary filament, circulating back
around the bend. This is often channeled by aridge.
Duringtherising stages of flood events, this process
may accentuate scouron the surface of the bench.
Deposition of suspended load materials
subsequently occurs during waning stages.

Development of lateral or compound point bar forms is
dependent on channelalignment (and associated
implications for the distribution of flow energy over
the bar surface at different flow stages) and
associated patterns of reworking by flood events.
Formed initially from the lag deposition of coarser
sediments (a unitbar). At high flow stage, the bar
may be reworked or material deposited around
obstructions. At low flow stage, the bar may have
finer depositional features deposited ontop of the
bar platform, orarange of bedforms preserved,
reflecting sedimenttransportacross the bar
surface.

Perturbationsin flow and subsequent deposition are
induced by obstructions. The resultant bar
morphology is shaped by the flow obstruction,
which promotes turbulence and depositionin the
wake of the obstruction in secondary flow
structures. Depending on flow stage, these
secondary flow structures mayinduce local scour
around the obstruction.
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entrainment. Flow forces of lift and drag may be
entirely responsible for detachment and entrain-
ment, butin mostinstances, especially in cohesive
materials, aggregates and micropeds are loosened
and partially or completely detached by weaken-
ing or preconditioning processes prior to entrain-
ment (Lawler, 1993). The three most important
weakening mechanisms are prewetting, desicca-
tion, and freeze-thaw activity. Prewetting influ-
ences rates of bank erosion as cohesive materials
become more erodible when wet (Wolman, 1959;
Hooke, 1979; Thorne, 1982). When very wet, seep-
age can cause sapping of localized areas of the bank
face (Twidale, 1964). Piping may also be evident
(e.g., Hagerty, 1991). The role of desiccation re-
flects the nature of clay fabrics that make up cohe-
sive banks (Lawler et al., 1997). Desiccation can
encourage higher bank retreat rates. Materials de-
rived from direct spalling of drier upper bank
surfaces collect at the foot of the bank and become
available for entrainment at higher flow stage.
Cracking up and incipient exfoliation of bank sur-
faces allow flood water around and behind unsta-
ble crumbs and ped structures (Lawler, 1992).
Slaking refers to “bursting” of bank crumbs and
peds during saturation because of a build-up of
intracrumb air pressures created by the influx of
water into the soil pores during rapid immersion.
Finally, in cool and temperate climate settings,
freeze—thaw processes may be an important agent
preconditioning cohesive bank materials for later
fluid entrainment (e.g., Lawler, 1988). In some in-
stances, ice lenses can reduce cohesion by wedging
peds apart. In larger scale rivers that freeze over
during winter, cantilevers of ice attached to the
bank and ice rafts may cause serious damage dur-
ing spring thaw (Church and Miles, 1982).

There are two main types of bank erosion
process, namely hydraulic action (also referred to
as fluvial entrainment or corrasion) and mass fail-
ure (Figure 4.2). Hydraulic action refers to grain by
grain detachment and entrainment. It is typically
associated with banks comprising noncohesive
material. Removal of bank material by hydraulic
action is closely related to near-bank flow energy
conditions, especially the velocity gradient close
to the bank and local turbulence conditions,
as these determine the magnitude of hydraulic
shear. Fluvial entrainment occurs when individ-
ual grains are dislodged or shallow slips occur
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Figure 4.2 Bank erosion processes

Bank erosion processes can be differentiated into
variants of hydraulic action and mass failure processes.
The dominance of these different processes induces a
direct control on bank morphology (see text). Modified
from Thorne (1999), © John Wiley and Sons Limited,
2003. Reproduced with permission.
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along almost planar surfaces. In some instances, a
distinct notch may be left in the bank following a
flood event, indicating the peak stage achieved.
Undercutting occurs when velocity and boundary
shear stress maxima occur in the lower bank re-
gion. High rates of bank retreat at bend apices are
explained by steep velocity gradients and high
shear stresses generated within large-scale eddies
against outer banks. During the process of under-
cutting, flow not only entrains material directly
from the bank face, but also scours the base of the
bank. This leads to oversteepening, and eventually
gravitational failure.

The effectiveness of hydraulic action is dictated
by the balance between motivating forces that
include the downslope component of submerged
weightand fluid forces of lift and drag, and resisting
forces that include the interparticle forces of fric-
tion and interlocking. These effects are especially
pronounced along composite banks, where differ-
ential erosion may generate overhangs that pro-
mote collapse of overlying blocks of cohesive
material (e.g., Thorne and Lewin, 1979; Thorne and
Tovey, 1981). Fluid entrainment of basal material
following collapse is vital to the effectiveness of
this mechanism (Pizzuto, 1984). Hence, the stabil-
ity of the lower bank is crucial to the stability of
composite banks in the medium to long term.

Cohesive, fine-grained bank material is usually
eroded by entrainment of aggregates or crumbs of
soil which are bound tightly together by electro-
chemical forces, rather than as individual parti-
cles. These behavioral traits are heavily dependent
upon physical properties of the materials, such as
their mineralogy, dispersivity, moisture content,
and particle size distribution, and on properties of
the pore and eroding fluid, such as temperature,
pH, and electrical conductivity (e.g., Grissinger,
1982; Osman and Thorne, 1988; Thorne and
Osman, 1988). Entrainment occurs when the
motivating forces overcome the resisting forces of
friction and cohesion. Hard, dry banks are very
resistant (Thorne, 1982). However, wet banks are
relatively easy to erode, especially if loosened by
repeated wetting and drying or frost action.

The susceptibility of banks to mass failure de-
pends on their geometry, structure, and material
properties. Deep-seated failures are rare in nonco-
hesive banks, where basal scour, oversteepening,
and collapse mechanisms are favored. Along

more cohesive banks, weakening and weathering
processes reduce the strength of bank material,
thereby decreasing bank stability. The effective-
ness of these processes is related to soil moisture
conditions (Thorne, 1982). Cycles of wetting and
drying cause swelling and shrinkage of the soil,
leading to the development of interpedal fissures
and tension cracks which encourage failure.
Seepage forces can reduce the cohesivity of bank
material by removing clay particles and may pro-
mote the development of soil pipes in the lower
bank. The tangential force of the weight of a poten-
tial failure block is the primary motivating force.
An increase in this force occurs when fluvial ero-
sion leads to an increase in the bank height or bank
angle. Catastrophic failure occurs when the criti-
cal value of height or angle is reached (Millar and
Quick, 1993). Block mass is greatly influenced by
moisture content. The switch from submerged to
saturated conditions following flood events can
cause the bulk unit weight of the soil to double,
and can trigger drawdown failures even without
the generation of excess porewater pressures. If
rapid drawdown does generate positive porewater
pressures, friction and effective cohesion are re-
duced. In extreme circumstances, this can lead to
liquefaction (a complete loss of strength and flow-
type failures).

Shallow slips occur in cohesionless banks, while
deep-seated rotational slip and slab failures are the
dominant mechanisms in banks of high and low
cohesivity respectively (Thorne, 1982). Rotational
slips occur where a curved failure plane and rota-
tional movement leads to slipping of material
down the bank face. Retreat of near-vertical banks
via slab failure occurs when blocks of sediment
topple from the face of the bank into the channel.
Other mass failure processes include fall/slough-
ing, where small quantities of material dislodged
from the top of the bank accumulate at the base,
and parallel slide, where slices parallel to the bank
slip down the bank face.

The effectiveness of these various bank erosion
processes is greatly enhanced by basal scour,
which effectively increases bank angle. In
composite banks where cohesive materials overlie
noncohesive sands or gravels, undercutting of the
lower bank by hydraulic action generates an over-
hang or cantilever in the upper layer, which fails
when a critical threshold is reached. During bank
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failure and collapse, blocks of bank material slide
or fall towards the toe of the bank, where they re-
main until they are broken down or entrained by
the flow. Failed blocks, in turn, may temporarily
protect the toe of the bank from erosion. This
pseudocyclic process has an important role in con-
trolling bank form, stability, and rate of retreat (see
Figure 4.3).

The amount, periodicity, and distribution of
bank erosion are highly variable as they are influ-
enced by a multitude of factors. In general terms,
bank erosion is accentuated under higher dis-
charge conditions (bankfull stage), but the effec-
tiveness of these flows is determined by bank
condition at the time of the event. For example,
Wolman (1959) determined that a large summer
flood induced little bank erosion on dry banks
while lesser winter flows caused considerable
bank retreat when acting on thoroughly wetted
banks. The effectiveness of weakening, fluvial ero-
sion, and mass failure processes induce consider-
able variability in rates of bank erosion, instability,
and/or retreat. In some instances, rates of lateral
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Figure 4.3 A cyclical process of bank
retreat along composite banks
Hydraulic action and mass failure
result in accumulation of materials
at the toe of the bank. Until these
materials are subsequently
reworked, bank retreat is impeded.
Each phase of adjustment is
characterized by different bank
morphologies.

lower bank
/ accumulation

channel change may exceed 1000myr! (see re-
views in Hooke, 1980; Lawler, 1993). In a survey of
channel migration rates, admittedly completed
primarily for disturbed rivers with highly modified
vegetation cover, Walker and Rutherfurd (1999)
derived a global mean channel migration rate of
3% (range 0.07-25%) of channel width per year,
and a median of 1.6% of channel width per year.
Change in one part of a system commonly insti-
gates or accelerates change to the pattern and/or
rate of bank erosion in adjacent reaches (Hooke,
1980; Lewin, 1987). Maximum erosion rates tend
to be experienced in middle (piedmont) reaches,
relating to the peak in stream power and bank tex-
tural attributes (Graf, 1982; Lewin, 1987; Lawler,
1992). In general terms, bank materials become
finer and more uniform downstream, especially
where well-developed floodplains are found.
Stream power also declines in a downstream direc-
tion, such that the dominant bank erosion process
changes downstream from hydraulic action to
mass failure. Nanson and Hickin (1986) demon-
strated that stream power accounted for 48 % of the



River character 101

variability in channel migration rate along various
river systems in Western Canada.

Vegetation cover, especially the role of root
networks, may reinforce bank materials, thereby
increasing resistance to erosion (e.g., Smith, 1976;
Abernethy and Rutherfurd, 1998; Brooks and
Brierley, 2002). If discharge, slope, bend curvature,
bank texture, and bank heights are constant, ariver
migrating through cleared or cultivated floodplain
may erode at almost twice the rate of rivers re-
working forested floodplain (Hickin, 1984). Beeson
and Doyle (1995) supported these findings, observ-
ing that nonvegetated banks were nearly five times
more likely to undergo notable erosion compared
with vegetated banks.

Vegetated banks tend to have a more open soil
fabric and are better drained. Soil is strong in com-
pression but weak in tension. Roots are the re-
verse, so they reinforce the tensile strength of soils
by up to an order of magnitude relative to root-free
samples (Lawler et al., 1997). These impacts may
be offset, in part, by the additional loading applied
to banks by vegetation cover. In large-scale cohe-
sive banks, critical failure surfaces may be well
below the root zone. Vegetation structure also
influences patterns and rates of flow dynamics
adjacent to the banks. Stems and trunks of bank
vegetation alter the distribution of near-bank ve-
locity and boundary shear stress (Kouwen and Li,
1979). The spacing (density) and pattern of trees
may exert a significant influence on the distribu-
tion of form drag, influencing the capacity for
detachment and entrainment (Pizzuto and
Meckelnburg, 1989). The distribution of woody
debris also influences the effectiveness of bank
erosion processes (Davis and Gregory, 1994).

4.3.2 Bank morphology: The balance of
erosion and deposition

Along any given reach, bank morphology reflects
a combination of erosional and depositional
processes. Bank-attached geomorphic units typi-
cally occur when the thalweg is positioned along
the opposite side of the channel, allowing for
deposition of materials at the base of the bank.
Depositional features along convex banks tend to
be flat-topped or gently graded forms that effec-
tively reduce bank angle. These features protect
the banks from subsequent erosional activity.

Depending on channel alignment, these units
may be longitudinally extensive features, such as
benches along low sinuosity reaches, or localized
forms such as point bars on meander bends.

Any particular type of bank morphology may
reflect a range of differing conditions or circum-
stances (the principle of equifinality). Hence, sig-
nificant caution may be required in making
interpretations of why banks have adopted a
particular morphology. Underlying causes must be
appraised with due consideration to a range of pos-
sible scenarios. Among the issues that must be ap-
praised are:
¢ bank position within the reach, and its relation
to flow alignment at differing flow stages;

e the balance of erosional and depositional pro-
cesses operating on or adjacent to banks;

¢ the sediment mix of materials that make up the
bank, and the associated bank sedimentology
(including the presence of bedrock);

o thestage of evolution of the bank, as determined
by the rate of delivery of materials to the toe of the
bank and subsequent rates of removal (see Figure
4.3);

e the primary origin of depositional features that
may line the bank (i.e., whether derived from fur-
ther up the bank, or from upstream sources);

¢ the combination of fluvial erosion and mass fail-
ure mechanisms that erode the bank;

e the aggradational/degradational balance of the
reach.

Ongoing interactions among these factors modi-
fy bank morphology and the resulting sediment
mix, thereby setting the conditions for bank ad-
justments in response to subsequent formative
events. A continuum of variants of bank morphol-
ogy is evident. Various end member scenarios are
portrayed in Figure 4.4. The discussion below pro-
vides a cursory overview of some of the factors that
may produce these differing forms.

Banks with a homogenous sediment mix com-
monly have a uniform morphology. This may take
a near-vertical form, where fluvial entrainment
processes are effective (Figure 4.4a), or various
forms of inclined bank (Figures 4.4b—d). In general
terms, bank angle is dictated by the sediment
mix. Cohesive sediment forms steeper banks,
while sandy banks have a gentler angle of repose.
Uniform bank morphologies may reflect hydraulic
action processes such as fluvial entrainment or
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Figure 4.4 Bank morphology

Bank morphology reflects a range of
imposed conditions and the balance
between erosion and deposition
processes along river channels.
Similarity of form may reflect a range of
different processes and history of
formative events (see text). Modified
from Thorne (1999), © John Wiley and
Sons Limited, 2003. Reproduced with
permission.
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mass failure processes such as parallel sliding
or rotational slips. Along convex-upwards banks
(Figure 4.4b), gradual mass movement mecha-
nisms may be inferred. Alternatively, overflow
mechanisms from the floodplain to the channel
during the waning stages of floods may modify pat-
terns of sedimentation on the bank, especially
around vegetation. Graded banks represent a
planar condition that may reflect grain-by-grain
movement downslope at the angle of repose or
parallel sliding down a slip face (Figure 4.4c). A
concave-upwards bank profile may arise following
removal of rotational slip and slump materials
from the base of the bank (Figure 4.4d).

Banks with coarsening upwards profiles, such as
sands overlying fine-grained, cohesive sediments,
tend to have zones of sediment accumulation
along the bank toe (Figure 4.4e). Mass failure
processes such as falling and slipping/slumping
deliver sediment to the toe of the bank, where it
accumulates until it is removed by fluvial entrain-
ment (Figure 4.3). In contrast to banks with bank-
attached geomorphic units, their toes comprise
material derived directly from the adjacent bank.
Assuch, the sediment composition of the accumu-
lation is similar to that in the bank, whereas ma-
terials derived from upstream may have a quite
different sedimentary structure, texture, and mor-
phology (see Figures 4.4m andn). In the case of slips
and slumps, where entire sections of the bank are
removed, the bank structure may be maintained
during displacement.

Undercut banks are commonly associated with
upward-fining sequences. Commonly, basal gravel
lags are overlain by sand or mud deposits. Less co-
hesive units at the base of the bank are often under-
cut or eroded by hydraulic action (see Figure 4.4f).
Toe scour leaves an overhanging bank of cohesive,
finer-grained materials. Mass failure by slab failure
orfall results in sediment accumulation at the base
of the bank (Figure 4.3). Differing stages of adjust-
ment in this process have quite different bank
morphologies. The resultant bank morphology fol-
lowing undercutting reflects the initial condition
of the bank prior to commencement of toe scour.
For example, Figure 4.4g represents a planar bank
that is subsequently subjected to toe scour.

Banks that comprise multiple layers of varying
texture tend to have a complex morphology, as
coarse materials in the banks are selectively re-

worked. This produces a faceted bank with multi-
ple overhangs (Figure 4.4h). Hydraulic action via
fluvial entrainment and undercutting commonly
acts as a precursor to mass failure by slab failure or
fall. In contrast, channels with bedrock margins
tend to have an imposed, irregular morphology
(Figure 4.4i). Irregular bank morphologies also
occur along channels where resisting/forcing ele-
ments such as woody debris and riparian vegeta-
tion induce local variability in patterns of scour
and deposition (Figure 4.4j).

Finally, compound bank morphologies reflect
stepped situations that may result from differ-
ing sets of erosional and depositional processes.
These bank morphologies are commonly found in
reaches subjected to bed instability (whether de-
gradation or aggradation). Along incised channels,
for example, a ledge feature may be observed
(Figure 4.4k). This erosional form may reflect a slot
channel inset within the broader trough and is
typically associated with phases of channel expan-
sion. Alternatively, this type of bank morphology
may reflect selective removal of less cohesive ma-
terials from the upper part of a bank profile. For ex-
ample, reaches that are subjected to valley floor
aggradation in response to upstream disturbance
events commonly have coarser materials atop the
banks. Subsequent channel expansion in the
affected reach may selectively erode these less
cohesive materials, producing a stepped bank
morphology (Figure 4.41). A compound bank
morphology may also be derived from deposition-
ally-induced mechanisms. For example, a stepped
morphology may reflect multiple phases of deposi-
tion adjacent to the bank, in the form of inset fea-
tures or benches (Figure 4.4m). Such features are
typically associated with phases of channel
contraction.

These various scenarios that consider a range of
bank morphologies and the array of circumstances
that may be responsible for their formation tend to
overemphasize the complexity of bank forms. A
significant proportion of banks along most reaches
reflect relatively simple sets of depositional
processes that generate bank-attached bars. These
accretionary forms range from lateral and point
bars to compound bar features. Resulting bank
morphologies have a compound shape (Figure
4.4n). This commonly results in a low-slope,
stepped morphology, often with a convex-upwards
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Table 4.4 Classification of channel boundary conditions (modified from Knighton, 1998, p. 152).

Primary type

Secondary type

Characteristics

A. Cohesive

B.Noncohesive

A1.Bedrockchannels

A2.Silt-clay sediments

B1.Sand-bed channels

Generally short reaches with no coherent cover of consolidated material.
Common in steep headwater reaches. Bed and bank morphology is largely
imposed. Typically have anirregular cross-section.

Typically, suspended load systems that have a limited capacity to rework their
boundaries and adjust their form. Channels have a low width : depth ratio, and
commonly have a symmetrical form. Once entrained, materials are maintained
intransport even if flow energy decreases significantly.

“Live-bed” channels that are active over awide range of discharges, resultingin

differing bedform attributes dependent on flow stage and preservation
potential. Channels maintain a high width : depth ratio.

B2. Gravel-bed channels

Mixed-load systems characterized by intermediate width : depth ratios. Bed

materials are transported only at high discharge stages. Asurface armor
protects underlying materials. Banks commonly comprise much finer-grained
materials. Channelshapeis largely determined by channelalignmentand the
recent history of formative events. In meandering reaches, for example, the
channelis asymmetrical atbends, and symmetricalat points of inflection.

B3.Boulder-bed channels

Boundary materials are only mobilized during major floods. A surface armor is

common. Channelshapeis typicallyirregular.

profile. Vegetation colonization of these various
surfaces can induce considerable complexity to
the resulting form. This final scenario exemplifies
the inherent linkage that must be considered in
any examination of bank morphology and associ-
ated bank-forming processes, namely how interac-
tions between the bed and banks influence the
nature of the channel itself.

4.4 Channelmorphology: Putting the bed and
banks together

Channels comprise a combination of bed and
bank features, reflecting a wide range of formative
processes, both contemporary and inherited. Bed
and bank processes are not necessarily in phase
with each other. For example, as incised channels
cut through alluvium they expose older bed and
bank deposits that may have been inaccessible to
the river for extended periods of time. In general
terms, however, more transient bed materials are
younger than materials exposed along the banks. It
is not unusual for the bed and banks to comprise
different material mixes. Indeed, many channels
have cohesive banks and a noncohesive bed.
Unlike the bed that is typically reworked on a

semiregular basis, bank materials may be an arti-
fact of history. This hiatus between bed and bank
materials varies markedly from reach to reach and
from system to system, reflecting the aggradation-
al/degradational balance of the channel and the
history of formative events.

While bed and bank material texture exert a
primary control on channel shape (see Table 4.4),
the texture of boundary materials is only one
factor that influences channel morphology.
Fluctuations in discharge and sediment load fash-
ion the balance between bed aggradation and
degradation, and bank erosion and deposition, in
any given cross-section or alongany reach. The dis-
tribution of flow energy at differing flow stages,
and flow alignment, can result in a wide range of
bed and bank morphologies. Ultimately, however,
bed morphology is determined by patterns of
sculpted/erosional geomorphic units and mid-
channel depositional geomorphic units, while
bank morphology reflects the balance of bank
erosion processes and the assemblage of bank-
attached depositional geomorphic units. A combi-
nation of these factors at any given site results in a
range of channel shapes (see Table 4.5 and Figure
4.5). However, the same channel shape can result
from a range of processes.
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Table 4.5 Putting the beds and banks together to assess channel shape.
Channel Bankprocess Bed process Energy distribution
shape
Symmetrical Erosional (e.g., fluvial entrainment) Erosional (e.g., headcut formation) Evenly distributed across

Asymmetrical

One erosional (e.g., undercutting),
one depositional (e.g., point bar
formation)

Irregular Imposed condition, orareflection
of erosional (e.g., slumping), or
depositional (e.g., bank-attached
bar formation) influences

Compound Depositional (e.g., bench formation)

orerosional (e.g., ledge
formation)

ordepositional (e.g., sand sheets)

Depositional (point bar formation
along convexbank), and erosional
(poolscouralong concave bank)

Erosional (e.g., sculpted pools or
cascades) or depositional (e.g.,
midchannelbarsandisland
formation)

Depositional (e.g., sand sheet
formation) or erosional (e.g.,
headcut formation)

channel
Thalwegalong concave
bank

Unevenly distributed
around alluvial
materials or
bedrock outcrops

Dissipatedinanonlinear
manner at differing
flow stages

A channel with a given width and average depth
can be characterized by a wide range of possible
shapes depending on the array of midchannel and
bank-attached geomorphic units. This reflects the
distribution of energy within the channel (which is
a function of slope, channel size, and flow align-
ment), the sediment flux of the reach (i.e., the
caliber and volume of available materials, and
whether the reach is transport-limited or supply-
limited), and process interactions with instream
vegetation and forcing elements. In many settings,
predictable patterns of geomorphic units are
observed. These relationships often reflect the
geomorphic effectiveness of the most recent form-
ative flow event. Any adjustment to the sediment
flux or energy within a channel that alters bed ma-
terial caliber and organization or flow characteris-
tics may modify the geomorphic structure of the
reach, and hence channel shape. If a channel is
transport-limited, such that the volume or caliber
of bedload material is greater than the capacity or
competence of the stream to move it, channels
tend to be wide, shallow, and characterized by bed
sedimentation and midchannel bars. Conversely,
supply-limited rivers are able to move all ma-
terials made available to them, and channels tend
to be narrow and deep with bank-attached deposi-
tional forms.

Symmetrical channels tend to be characterized
by banks with a uniform or upward-fining cohe-
sive sediments and a near-homogenous bed (Figure
4.5a). Bedload systems tend to have a high

width : depth ratio, while suspended load systems
tend to have a low width:depth ratio. Channels
tend to be relatively free of depositional features
other than uniform sheet-like deposits, as flow
energy is spread evenly across the bed (Table 4.5).
Symmetrical channels commonly occur at the in-
flection points of bends, along low sinuosity chan-
nels, along fine-grained suspended load rivers with
cohesive banks, or in incised channel situations.

In asymmetrical channels, flow energy is
concentrated along the concave bank in bends
(Table 4.5). As a result, erosion occurs along one
side of the bed, while deposition occurs on the
other (Figure 4.5b). Bank erosion via fluvial en-
trainment or undercutting is common along the
concave bank, while bank-attached geomorphic
units develop along the convex bank (commonly
pointbars). These processes promote lateral migra-
tion. In partly-confined valleys, discontinuous
floodplain pockets and point bars on the convex
bank of bends, combined with abutment against
bedrock along the concave bank, also induce the
formation of an asymmetrical channel shape
(Figure 4.5c¢).

Irregular channels may form under differing sets
of conditions. In confined valleys, imposed con-
trols on bed/bank morphology induce an irregular
channel shape (Figure 4.5d). Flow energy is distrib-
uted unevenly around bedrock or coarse substrate,
generating sculpted or erosional geomorphic units
(Table 4.5). In more alluvial rivers, midchannel
geomorphic units and either erosional or
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Figure 4.5 Channel shape

Combinations of bed and bank components
define channel shape. The hiatus between
these components varies markedly from
system-to-system, reach-to-reach, and site-to-
site. In each instance a combination of
erosional and depositional processes may be
evident (see text). Elsewhere, channel shape is
imposed by bedrock and/or ancient boundary
materials and/or other forcing elements (such
as riparian vegetation and woody debris).
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depositional banks can induce an irregular chan-
nel shape (Figure 4.5¢). In some instances, an irreg-
ular channel shape is inherited from the past and is
out-of-phase with contemporary processes.
Alternatively, significant heterogeneity is often
evident along forested streams, where woody
debris and riparian vegetation induce significant
local irregularities in channel shape (Figure 4.5¢).

Compound channels are commonly associ-
ated with macrochannels. Their stepped cross-
sectional morphology has the appearance of a
smaller channel inset within a larger channel
form. They are commonly associated with cut-
and-fill activity or rivers that are responding to
significant variability in discharge (Table 4.5).
Formation of one or more inset levels (i.e.,
benches) at channel margins may reflect deposi-
tional phases associated with channel contraction
(Figure 4.5f). Alternatively, channel expansion
may be recorded by the formation and/or rework-
ing of ledges (Figure 4.5g).

4.5 Channelsize

Alluvial channels adjust their form to convey the
water and sediment supplied to them. Various
approaches have been developed to characterize
“equilibrium” channel dimensions, as deter-
mined by mean conditions (Knighton, 1998). For
example, regime theory and principles of hy-
draulic geometry have been used to derive empiri-
cal equations that describe relationships between
channel width, depth, slope, particle size distribu-
tion and flow velocity, and external controls such
as catchment area and flow. These principles have
been based primarily on analyses of single channel
systems in unconsolidated sediments. Local-scale
variability in bed and bank materials, the distribu-
tion of forcing elements, the role of riparian
vegetation and woody debris, and preponderance
of other forms of channel configurations introduce
a level of diversity that is not captured by these
empirical relationships. Hence, application of
these principles to describe notionally “character-
istic” channel dimensions must be undertaken
with caution, especially in environments that dif-
fer to those in which the primary data were de-
rived. Consideration must also be given to the
geomorphic condition of sites at which data were

collected to derive these empirical relationships.
Data gathered from disturbed river systems are un-
likely to provide appropriate guidance for manage-
ment procedures that strive to improve river
health.

In general terms, rivers on steeper slopes, or
systems that transport large volumes of coarse
bedload with divided or braided channels, tend
to develop wide, shallow channels with higher
width : depth ratios than comparable reaches with
meandering or straight planforms (Parker, 1979).
Similarly, rivers with a flashier discharge regime
and relatively high peak flows tend to develop
wider channels. Sand channels with insufficient
fine sediment to form resistant banks are particu-
larly sensitive to discharge variability compared to
fine-grained systems (Osterkamp and Hedman,
1982).

The role of vegetation also has a significant
effect on channel size. Other factors being equal,
channels with dense vegetation tend to be nar-
rower and deeper than their sparsely vegetated
counterparts (e.g., Charlton et al.,, 1978; Hey
and Thorne, 1986; Millar and Quick, 1993;
Montgomery, 2001). Also, as a general rule, the
proportion of vegetation occupying a channel
cross-section decreases downstream as the chan-
nel becomes larger. Zimmerman et al. (1967) sug-
gested that in very small catchments (up to about 2
km?) grass and sedge dominated channels are
smaller than channels having similar catchment
area (or discharge) that are dominated by trees.
However, moving downstream, channels domi-
nated by trees are comparatively smaller than
channels with equivalent catchment area but only
grass and sedge on the banks and floodplain. An
equivalent set of relationships has been described
for the geomorphic role of woody debris. The sta-
bility of woody debris and its influence on channel
forms and processes reflect the relative size of
key wood elements compared to channel size
(Montgomery and Piégay, 2003). In low order chan-
nels, woody debris may induce channel blockage
ratios as high as 80%. Moving downstream, woody
debris tends to be rotated subparallel to the flow,
minimizing the blockage ratio, but maximizingits
role in bar accretion and bank toe protection. In
wider channels, woody debris may be transported
beyond the fall point, and become incorporated
into log jams, potentially causing local bank ero-
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sion, triggering channel avulsion or cutoff develop-
ment, or promoting island development. Any
changes to riparian vegetation and woody debris
loading that alter instream and floodplain rough-
ness may modify patterns and rates of depositional
and erosional processes within a channel, affecting
its morphology and size.

Despite the limitations of regime theory and
principles of hydraulic geometry, regionally based
applications derived for particular landscape set-
tings that operate under similar hydrologic and
sediment (lithologic) conditions, with equivalent
riparian vegetation associations, may have con-
siderable application for planning purposes.
Empirically derived relationships have been ex-
tensively used in the design of river rehabilitation
treatments for meandering rivers (e.g., Hey, 1997).
Ideally, an equivalent body of work would be de-
veloped across the range of natural river diversity,
such that design criteria fit the local setting, rather
than imposed notions of channel geometry framed
in terms of relatively uniform pool-riffle se-
quences. Each river must be viewed in its land-
scape context, considering notions of downstream
connectivity in flow and sediment regimes, ante-
cedent controls, and local factors that may shape
channel morphology and size. These relationships
exert a fundamental control on floodplain forms
and processes.

4.6 Floodplainformsand processes

Over decades or centuries, rivers transport only a
small fraction of the total alluvium stored along
their valleys (Knighton, 1998). The bulk of ma-
terials stored in floodplain or terrace (abandoned
floodplain) forms between the channel and valley
margins is inaccessible to contemporary channel
processes. In narrow valley settings, common in
headwater situations, floodplains are generally
restricted to riparian corridors. These buffer strips
act as filters for flow, sediment, and nutrients
from adjacent slopes. The functional role of flood-
plains changes as valleys widen downstream.
Interactions with slope processes decrease, and
a different assemblage of floodplain forms is ob-
served. In general, floodplains can be separated
into proximal (channel marginal) and distal (valley
marginal) zones. Within these zones, distinct

packages of landforms may form (Allen, 1965;
Lewin, 1978).

Genetic approaches to the classification of
floodplains relate river processes to the floodplains
they construct (Nanson and Croke, 1992). Various
geomorphic parameters can be used to differenti-
ate among floodplain types. Each floodplain type
reflects a combination of energy conditions (large-
ly determined by slope and valley width relative to
upstream catchment area), the availability of sedi-
ment (its caliber and volume relative to the accom-
modation space along the wvalley), and the
range/history of floodplain forming and reworking
processes. A change in one or more of these condi-
tions may alter the dominant mode of floodplain
construction.

Floodplains form by a combination of lateral
(within-channel) and vertical accretion (overbank)
processes (Table 4.6), and are prone to reworking by
various mechanisms (Table 4.7). The type and mix
of these processes influence the range and pattern
of floodplain geomorphic units found along any
given reach. Floodplain geomorphic units are
differentiated primarily on the basis of their shape,
position, and formative processes. Pronounced dif-
ferences are evident between floodplains com-
prised largely of noncohesive alluvium (gravel
and fine sand) and those comprised of cohesive
alluvium (silt and clay). Significant pocket-
to-pocket variability in floodplain forms and
processes may be evident along a river (e.g.,
Ferguson and Brierley, 1999a, b). A summary of
form-process associations for various floodplain
geomorphic units is presented in Table 4.8.

Lateral accretion occurs when bedload deposits
on the convex slope of bends are incorporated into
the floodplain as the channel migrates across the
valley floor or translates downstream (Figure 4.6a).
Patterns of ridge and swale topography, which
record accretionary pathways of the channel,
relate to the radius of curvature of the bend and
associated channel sinuosity (see Table 4.8).
Oblique accretion occurs as sediments are draped
along the bank of nonmigratingrivers (Figure 4.6g).
As these surfaces build inset floodplains or
benches, channel contraction occurs.

In general, horizontally-bedded, fine-grained,
suspended load materials dominate floodplain
sequences beyond the active channel zone.
Floodplains that are dominated by vertically
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Table 4.6 Floodplain forming processes.

Floodplain forming Definition
process
Lateralaccretion Within-channel, bedload materials are deposited as point bars on the convexbanks of bends. These

materials become incorporated into the floodplain as the channel migrates. Resulting sedimentary
structures often dip towards the channel.

Verticalaccretion Accumulation of sediment derived from suspension in overbank flows (typically, fine sand and mud).
Overbank deposits commonly comprise vertically stacked beds with flood couplets reflecting the
rising and waning stage of flood events. Bioturbation tends to homogenize these materials overtime,
suchthattheyappearto be massive ratherthan retaining their primary laminated form. Patterns of
sedimentation may be influenced by vegetation cover. In distal areas, silt and clay may remain in
suspensionin ponds orwetlands for considerable periods. Proximal-distal gradation in material size
iscommonly observed.

Braid channel Deposition atop midchannel bars during large flood events promotes the development of stable islands

accretion thatare beyond the reach of small-moderate flood events. Shifting of the primary channels leads to
abandonment of the bars/islands, and theirincorporation into the floodplain via infilling of old braid
channels with overbank sediments. This process is common along multichanneled systems (e.g.,
braided rivers).

Oblique accretion Muddy drapes and sand deposits onlap the channel margin, building vertically over time. Eventually
these depositsareincorporated into the floodplain or form an inset floodplain surface. These
features comprise oblique accretion (dipping) structures.

Counterpoint Deposits are laid down as slackwater deposits in a separation zone that forms against the upstream

accretion limb of the convex bank of tightly curved bends. These suspended load deposits build vertically,
becomingincorporated into the floodplain as the channel translates downstream.

Abandoned channel Paleochannels formed by meander cut offs or avulsion are infilled by overbank deposits. These features

accretion generally comprise fine grained deposits atop the old channelfill. In some instances they actas plugs
thatinfluence subsequent patterns of channeladjustment.

Table 4.7 Floodplain reworking processes.

Floodplain reworking Definition

process

Lateral migration Progressive movement of meander bends across the valley floor. Includes bend extension,
translation, and rotation.

Cutoffs Short-circuiting of a meander bend leaving a billabong or oxbow lake on the floodplain. Can bein the
form of meander or chute cutoffs.

Avulsion Wholesale shiftin channel position to a lower part of the floodplain, leaving an abandoned channel.

Stripping Removal of surface floodplain layers by high energy flows in partly-confined valleys.

Floodchannels Channels that short-circuit a floodplain pocket at overbank stage, resulting in scour and reworking
thatforms an elongate, channel-like depression on the floodplain.

Channel expansion Enlargement of a channel by bank erosion, removing proximal floodplain materials.

accreted fine-grained overbank deposits tend to be reflect the rising and falling stages of floods. In
relatively flat and featureless. As a river overtops many instances, vertical accretion deposits overlie
its banks, it loses power due to the greatly reduced lateral accretion deposits.

depth and energy of the unconfined sheet-like Some vertically-accreted floodplains have sig-
overbank flow. Cyclical flood couplet deposits nificant topography, typically reflecting patterns



Table 4.8 Floodplain geomorphic units. o
o
Unit Form Process interpretation
floodplain  terrace
Floodplain (alluvial flat) Floodplain Floodplain
and alluvialterrace Liesadjacentto or between active orabandoned channels, Floodplains are the principalalluvial surface aggrading under the
(fillterrace) confined by valley margin and alluvial ridges. Typically contemporary sediment-load and discharge regime. Floodplain
tabularand elongated parallelto active channels, but form reflects the contemporary arrangement of out-of-channel
can be highlyvariable, ranging from featureless, sediment build-up and reworking at flood stage. Formed from
flat-topped forms to inclined forms (typically tilted away vertically and/or laterally accreted deposits. Proximal—distal
from the channel) toirregularly reworked (scoured) gradationin grain size is common, dependent on the nature of the 0
forms. Volumetrically, floodplains are the principal channel-marginal units and whether they allow deposition of E
sediment storage unitalong mostrivers. May be coarse sediments beyond the channelzone. E
coarse-grained, fine-grained, orintercalated. E

Strath terrace

Floodplains can be separated into proximal
(channel-marginal) and distal (against the valley
margin) zones.

Alluvial terrace
Typically a relatively flat (planar), valley marginal feature

thatis perched above the contemporary channel
and/orfloodplain. These abandoned floodplains are
no longeractive. Generally separated from the
contemporary floodplain by a steep slope called a
terraceriser. Can be paired or unpaired. Often found
asaflightofterraces. Terraces may be of great age
(e.g., Tertiary terraces are notuncommon). Terraces
often confine the contemporary channel, ina
manner thatis analogous to bedrockvalley margins.

Typically arelativelyflat, valley marginal feature thatis

perched above the contemporary channelor
floodplain. These erosional surfaces have a bedrock
core, often with a thin alluvial overburden. Strath
terraces often confine the channel, analogous to
valley margins.

Alluvialterrace

Initially formed by verticaland lateral accretion under prior flow
conditions to form a floodplain. With tectonic uplift, a change to
base level, or shiftsin sediment-load and discharge regime (linked
to climate), downcutting into valley floor deposits results in
abandonment of the former floodplain. In many cases, a
contemporary floodplain subsequently develops and becomes
insetwithin these terraces. Unpaired terraces reflect lateral shift
duringincision, whereas paired terraces indicate rapid
downcutting only.

Reflectincision and valley expansion associated with downcutting
into bedrock, abandoning terrace surfaces. In many cases, a
contemporary floodplain subsequently develops and becomes
insetwithin these terraces. In other cases, where incision occurs
with little lateral expansion, a confined valley is formed.



Levee

Crevasse splay
(crevasse channel-fill)

Floodchannel
(back channel)

floodchannel levee

crevasse backswamp

Raised elongate asymmetricalridge that borders the
channel(i.e., along the proximal floodplain), with
asteeper proximalmargin. Levees scale in proportion
tothe adjacent channel. Levee crests may stand
several meters above the floodplain surface or be
relatively shallow, laterally extensive features.
Composed almost entirely of suspended load
sediments, i.e., dominantly silt, often sandy.

Asedimenttongue fed by a crevasse channelbreaching

the levee crest. Crevasse splays have a lobate or
fan-shaped planform, thinning distally away from

the levee. The surface may have multiple distributary
channels, producing hummocky topography.
Composed of bedload material, predominantly

sand, sometimes gravel. The crevasse channelfill
has a symmetrical, lenticular geometry and low

width : depth ratio. Upward-coarsening gradation of
grain sizesis common, as is proximal-distal gradation
away from the channel.

Gently curved, subsidiary channel. Entrance height
approximates bankfull stage. Commonly observed
atvalley margins. The depth of the floodchannel
tendstoincrease down-pocket with the basal
section of the floodchannel elevated above the low
flowchannel(i.e., it lies perched within the
floodplain).

Levee formisinfluenced by, and in turninfluences, the channel-

floodplain linkage of biophysical processes, influencing the lateral
transfer of water, sediment, organic matter, etc. Levees are produced
primarily from suspended-load deposition at high flood stage. During
overbank events, flow energy dissipates when flows spread out over
the floodplain. Underthese conditions, the flow has insufficient
energyto carryits load. The marked reduction in velocity results in
coarse sediment deposited on proximalfloodplains as levees.
Interbedded flood-cycle deposits, termed flood couplets, reflect
rising- and falling-stage sedimentation. Finer materials are carried
into the distal parts of the floodplain. Highly developed levees along
extensive fine-grained floodplains infer a laterally fixed channel zone
and well-defined segregation of water and sediment transfer between
the channeland floodbasin. As the levee grows, the deposition rate of
coarser sediment near the crestis reduced, leading to a generally
fining upward sequence of deposits within the levee profile.

Crevasse channels breach and erode the levee taking bedload materials

from the primary channeland conveying them onto the floodplain
athigh flood stage. Deposition reflects the rapid loss of competence
beyond the channelzone. Flow velocity is sufficient to carry relatively
coarse material, which is spread outward onto a fan-shaped area of
floodplain that fines away from the levee. The angle of trajectory
increases with high levee backslopes and/or decreases with higher
flow velocity. Crevasse channelfills represent bedload plugging of
old crevasse channels, indicating an aggradational environment.
Their formation may be linked to the formation of an alluvial ridge.

Flow alignmentalong the valley floor short-circuits the channel during

high discharge events, steepening the down-valley flow trajectory
and inducing scour that forms a floodchannel. At lower flood
magnitudes, when the entrance to the floodchannelis not breached,
suspended load deposition may occur via backfilling. Channel/ valley
alignment controls their distribution. Floodchannels do not
necessarily lead to meander cutoffs, but may situate future (or past)
avulsion channels. Floodchannels may scour and shape distal levee
morphologyin confined valley-settings.
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Table 4.8 Continued

cit

Unit

Form

Process interpretation

Flood runner

Backswamp (distal
floodplain, floodplain
wetland, floodpond,
floodplain lake)

Sandwedge

Floodplain sand sheet

Relatively straight depression on the floodplain that

occasionally conveys floodwaters. Tends to have
arelatively uniform morphology.

The distalfloodplain, atvalley margins, is typically the

lowest area of the valley floor. They are major storage
units of fine-grained, vertically accreted, suspended
load sediments. Morphology is typically fairly flat

(or has low relief), with depressions. Ponds, wetlands,

and swamps commonly form where lower order
tributaries drain directly onto the floodplain.

sand sheet

Acts like a chute during high discharge events, short-circuiting the

channelcourse (i.e., aligned down-valley).

Formswhen the reduction in energy gradient from the proximal to distal

floodplain only allows suspended load materials to be transferred
tothe backswamp. This results in slow rates of fine-grained vertical
accretion. Adistinct gradation in energy with distance from the
channelmayresultin pronounced textural segregation across the
floodplain. Backswamps, wetlands, lakes, and pond features are
common in these poorly drained (unchanneled), low-energy,
vertically-accreting environments. Naturally colonized by dense
aquatic/swamp vegetation that traps fine grained suspended- load
sediments promoting cohesive, mud- and organic-rich accumulation.
Tend to be highly bioturbated.

sand wedge

v 121dvyD

Sandy deposits with wedge-shaped cross-section at

channelmarginsin nonlevee settings. They typically
have a scoured basal contact. Basal cross-beds
gradeto finer-grained flood cycle interbeds.

Flat, tabular, laterally extensive sheetsin nonlevee

settings with massive, often poorly sorted facies.
Show little lateralvariation in thickness, mean
grain size, orinternal structure. Surface expression
generally conforms to the underlying floodplain.
Differentiated from splays by their shape, extensive
area, and lack of distal thinning.

Sand wedges reflect bedload deposition, thereby differentiating them
from levees. They form atop the proximalfloodplain in moderate—
high energy environments. As flows go overbank, velocity is sufficient
to carry relatively coarse material. Energy is spread outward onto
awedge-shaped area of the floodplain, depositing sand.

Associated with rapid sediment charged bedload deposition on the
floodplain during extreme flood events. Competent overbank flows
arerequired to transfer bedload materials onto the floodplain, where
theyare deposited in sheet-like forms. These planar, homogeneous
sequences are common in sandy ephemeral streams. Often formed
downstream of transitions from confined to unconfined flows and
associated with a breakin slope (as on alluvial fans). Sand sheets
build the floodplain vertically.



Paleochannel (prior
channel, abandoned,
ancestral channel)

Ridge and swale
topography

u

Valley fill (swamp,
swampy meadow)

H

Floodout

Anold, inactive channelfound on the floodplain. May

be partially or entirelyfilled. Includes more than
one meander wavelength (thereby differentiating
it from a meander cutoff). Can have awide range
of planforms, from elongate and relatively
straighttoirregular or sinuous, reflecting the
morphology of a former primary channel.
Low-sinuosity paleochannels may be overprinted
with floodchannels. May have an upward-fining
fillcomprising a channel lag of coarser material
with finer, suspended-load materials atop.

Ridge features represent paleo scroll bars that have been

incorporated into the floodplain. Swales are the
intervening low flow channels. These arcuate forms
have differing radii of curvature, reflecting the
pathway of lateral accretion across a floodplain.
Ridge and swale topography may indicate phases of
paleomigration paths, paleocurvature, and
paleowidths of channelbends.

Relatively flat unincised surface. May have ponds and

discontinuous channels or drainage lines. Composed
of vertically accreted mud, with possible sand sheets
downstream of discontinuous gullies. May comprise
organic-rich deposits formed around swampy
vegetation.

Lobate/fan-shaped sand body that radiates downstream

from an intersection point of a discontinuous channel
(i.e., wherethe channelbedrisesto the level of the
floodplain). Tend to have a convex cross-profile, and
fineinadownstream direction. Comprise sand
materialsimmediately downstream of the intersection
point, but may terminate in swamps or marshes as
fine-grained sedimentaccumulates downstream.

Caused by a sudden shiftin main channel position (avulsion), generally

toazone of lower elevation, abandoning a channelon the floodplain.
This paleochannel may subsequently fillwith suspended- load
sediments derived from overbank flooding. They record
paleoplanform and geometry of the avulsed channel. If thisis
markedly different from the contemporary channel, it may indicate a
shiftin sediment-load, discharge, or distribution of flood power
within the system.

During bankfull conditions the high velocity filament is located along

the concave bank of a bend. This thalweg zone contains helical flow
thaterodes the concave bankofthe bend and transfers sediments
to the pointbar. Eddy flow cells occurin a separation zone along the
convex bank. Between these secondary flow circulation patterns
thereisashearzone where sediments are pushed up the point bar
facetoformaridge (or scroll bar). At bankfull stage this scroll bar
accretesvertically. As the channel shifts laterally, the scroll bar
becomesincorporated into the floodplain forming ridge and swale
topography. Subsequent overbank deposits smooth out the
floodplain surface and the former channel position is retained on the
inside of the bend.

These sediment storage features are typically formed by flows which

lose theirvelocity and competence as they spread over anintact
valley floor, and deposit their sediment load. Vertically accreted
swamp deposits are derived by trapping of fine-grained suspended
load sediments around vegetation. Mud beds may alternate with
laterally shifting floodout and sand sheet deposits.

Formed when a discontinuous channelsupplies sedimentto an

unincised valley fill surface. Sands are deposited and stored as
bedload lobes that radiate from the intersection point of the
discontinuous channel. At this point thereis a significant loss of

flow velocity. Beyond the floodout margin, fine-grained materials are
deposited in seepage zones. Deposition associated with breakdown
of channelized flow may reflect transmission loss and low channel
gradient. Floodout lobes shift over the floodplain surface,
preferentially infilling lower areas with each sediment pulse.
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Table 4.8 Continued

Unit Form Process interpretation
Meander cutoff (neck Ameanderbend that has been cut through the neck, Formed by the channel breaching a meander bend (possibly linked to
cutoff, ox bow, leaving an abandoned meander loop on the floodplain. flow obstruction upstream) or through the development of aneck
billabong) The bends have an arcuate or sinuous planform cutoff during high flow conditions. Represent shortening of stream
(generally one meander loop). Generally horseshoe lengths or decreases in sinuosity of the channel, steepening the
orsemicircularin planview, reflecting the morphology water-slope at flood stage. The paleomeander loop subsequently
ofthe former channel bend. May host standing becomes plugged with instream materials. The abandoned meander
water (i.e., oxbow lake or billabong) or be infilled gradually becomesisolated from the main channel. The loop may
with fine grained materials. infillwith fine grained, suspended load materials and develop into a
billabong. These features record the paleoplanform and geometry of
the channel.

Chute cutoff Straight/gently curved channelthat dissects the convex Represent shortening of stream lengths or decreases in sinuosity of
bend ofthe primary channel, short-circuiting the the channel, steepening the water-slope at flood stage. Concentrated
bend. This chute then becomes the primary channel. flow with high stream powers are able to cut across the bend. With
Chute cutoffs have a straighter planform than meander chute cutoff enlargement, the bend may be abandoned, at which
cutoffs. They generally fillwith bedload materials. pointthe chute becomes the primary channel. The old channel bend

isfilled mostly with bedload deposits. Chute cutoffs generally occur
in higher energy settings than meander cutoffs.

Anabranch (secondary Pattern of coexistent multiple-anastomosing channels Formed in high flow conditions where the channel avulses to, or

orflood channel) (repeated bifurcating and rejoining) with low
width : depth ratio. These open channels remain

connected to the trunk stream(s).

reoccupies, another position on the valley floor, but maintains the
old channelwithin a multichanneled network. These channels are
dominated by low-energy, suspended-load deposits.

VAnA
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Figure 4.6 Floodplain forming processes

Following principles adopted by Nanson and Croke (1992), seven primary classes of floodplain forming processes may
be differentiated, namely: (a) lateral accretion, (b) vertical accretion in a partly confined valley, (c) vertical accretion
across a wide plain, (d) abandoned channel accretion, (e) braid channel accretion, (f) counterpoint accretion, and (g)
oblique accretion (see text). Cross-sections and block diagrams in a-d reprinted from Nanson and Croke (1992) with
permission from Elsevier, 2003.
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of reworking. Figure 4.6b displays a sandy flood-
plain characterized by vertical accretion atop a
Ievee. Levees are raised, elongate, prismatic land-
forms with an asymmetrical cross-section. These
channel marginal features exert a critical control
on the type of floodplain formed. They influence
the nature and rate of overbank flows, thereby
shapingpatterns andrates of sedimentation and re-
working of deposits in proximal-distal zones. In
general terms, levee dimensions are scaled relative
to the size of the adjacent channel. They are best
developed at the concave bank of bends, where
they commonly form steep high banks (Brierley
et al., 1997). A stacked sequence of upward-fining
vertical accretion structures can often be identi-
fied within the levee. Overbank flows result in
distal fining and textural segregation such that
coarser materials are deposited on the levee crest
and fine-grained suspended load materials are de-
positedin backswamps. Backswamps occur where
overbank (vertical accretion) deposits accumulate
slowly in depressions at valley margins, as flow
energy becomes increasingly dissipated with dis-
tance from the channel. Backswamps generally
have a distinctive wetland vegetation association;
in some instances peat may accumulate.

The presence of well-developed levees along lat-
erally extensive fine-grained floodplains infers
that the channel is relatively stable and that segre-
gation between the channel zone and the back-
swamp is well defined. The greater the height of
the levees above the floodplain, the more likely it
is that crevasse splays and floodchannels will
form. Crevasse splays are narrow to broad, local-
ized tongues of sediment that are sinuous to
lobate in plan. A crevasse channel that cuts the
channel-marginal levee feeds the crevasse splay.
Once a crevasse channel is initiated, flood waters
may deepen the new course and develop a system
of distributive channels on the upper slope of the
levee. Crevasse splays generally extend well
beyond levee toes onto floodbasin deposits
(Farrell, 1987, 2001). Levee construction, and re-
striction of a stream to a meander belt, may lead to
substantial local elevation of the floodplain sur-
face between the levees in the form of an alluvial
ridge. Perching of the channel above its floodplain
enhances the prospect that avulsion may occur,
bringing about a wholesale shift in channel posi-
tion from the present meander belt into the flank-

ing basin. In river systems without levees, espe-
cially those with shallow channels, there is con-
siderable potential for bedload-caliber deposits to
be launched onto the adjacent proximal floodplain
in the form of sheets or wedges (Brierley, 1991).

Most anastomosing rivers are characterized
by vertically accreted floodplains produced from
draped deposits laid down as flow overtops the
banks of multiple channels (Figure 4.6¢). Given the
mud-dominated nature of materials transported in
theserivers, thick, uniform sequences of vertically
accreted deposits form flat-topped floodplains.
In some cases, these can be organic rich (Smith,
1983).

Vertical accretion deposits also accumulate in
paleochannels and cutoffs. Typically, upward-
fining sequences of gravel and fine sands grade into
mud and/or swamp deposits. This form of vertical
accretion is termed abandoned channel accretion
(Figure 4.6d). Paleochannels extend over more
than one meander wavelength and can have a wide
range of planforms, from elongate and relatively
straight to irregular or sinuous. Cutoffs are aban-
doned meander loops. They are generally horse-
shoe or semicircular in planview. In general, the
rate of infilling of paleochannels and cutoffs re-
flects their antiquity (i.e., the longer the period
since their abandonment, the greater the degree of
infilling; e.g., Erskine et al., 1992; Hooke, 1995). In
some instances, however, the rate of infilling of pa-
leochannels and cutoffs reflects their alignment
relative to the contemporary channel, and their
geometry and position on the floodplain relative to
the frequency of overbank flood events (Shields
and Abt, 1989; Piégay et al., 2000). Straighter chan-
nels are subjected to higher flood velocities and
tend to be actively reworked, while more sinuous
cutoffs are flooded by backwaters, and tend to be
subjected to higher rates of deposition. Areas of
consolidated sediment such as clay plugs may
exert a marked influence on meander morphology
and migratory pathways (e.g., Schumm and
Thorne, 1989). If the resistant material is exten-
sive, deep scour may develop against the bank,
locking the channel into that area for a consider-
able period (typically until the bed is overtaken by
amore mobile bend from upstream).

A distinct set of geomorphic units occurs along
unincised river courses where the valley fill
accretes vertically over time. Ponds tend to be
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relatively elongate, scour features formed along
preferential drainage lines. Floodouts are lobate/
fan-shaped depositional features composed largely
of bedload-caliber materials that radiate down-
stream from an intersection point of a discontinu-
ous channel (i.e., where the channel bed rises to the
level of the floodplain). These deposits are associ-
ated with the breakdown of channel flow, reflect-
ing transmission loss and low gradient conditions.
They tend to have a convex cross-profile, and fine
in a downstream direction. Beyond the floodout
margin, selectively sorted fine-grained materials
are deposited in seepage zones. Over time, flood-
out lobes shift over the floodplain surface, prefer-
entially infilling lower areas with each sediment
pulse.

Braid channel accretion is observed along some
multichanneled rivers (Figure 4.6¢). Preferential
flow orientation down one of the channels may
lead to abandonment of others. Abandoned chan-
nels may subsequently be infilled by overbank
sediments, and the island may become incorporat-
ed into the floodplain (Nordseth, 1973). Another
form of vertical accretion is counterpoint accre-
tion (Figure 4.6f), where concave bank benches
formed in secondary circulation cells are incorpo-
rated into the floodplain as the channel translates
down-valley (Hickin, 1986).

While some floodplains have the appearance of
being purely aggradational forms, especially those
dominated by vertical accretion processes, others
may show considerable evidence of reworking
(Table 4.7). Reworking can range from progressive
lateral migration or downstream translation of
trains of meanders, to cutoffs of varying form (me-
ander and chute cutoffs), to wholesale shifts in
channel position (i.e., avulsion)that resultin aban-
doned or paleochannels of differing scale and stage
of infill across the floodplain, to floodchannel or
stripping mechanisms. Floodchannels short-
circuit a floodplain pocket by scouring a channel
into the floodplain surface. They tend to be rela-
tively straight, depressed tracts of the floodplain
that occasionally convey floodwaters. The en-
trance height of a floodchannel tends to approxi-
mate bankfull flood stage, while depth tends to
increase down-pocket. The basal section of flood-
channels lies above the low flow channel. Follow-
ing flood events, these features are commonly
associated with ponding and deposition of sus-

pended load materials. In some instances they are
prone to backfilling. Other forms of floodplain re-
working include stripping (Nanson, 1986), which
involves the removal of entire sections of surficial
floodplain material, and channel expansion where
proximal floodplain deposits are eroded.

Interpretation of various types of depositional
and reworking processes provides insight into the
form-process associations of floodplain geomor-
phic units, and the range and history of formative
events that produced the floodplain (see Chapter
5). Packages of these differing floodplain features
commonly form distinct assemblages that charac-
terize different types of river. For example, they are
commonly associated with differing variants of
channel planform, as discussed in the following
section.

4.7 Channelplanform

Channel planform, defined as the configuration of
a river in plan view, provides a reach-scale sum-
mary of the channel and floodplain characteristics
of an alluvial river. Flow patterns and the
nature/distribution of physical processes for dif-
ferent planform types are major determinants of
channel shape and floodplain character. As such,
channel planform provides an excellent initial
guide to the capacity and manner by which alluvial
rivers adjust their morphology and configuration.
A wide range of channel planforms exist, condi-
tioned primarily by available flow energy (and
its spatial/temporal variability), sediment caliber
and availability, and whether the reach operates
as a bedload, mixed load, or suspended load
system.

Channel planform is differentiated on the basis
of three inter-related criteria, namely the number
of channels, their sinuosity, and their lateral sta-
bility (Figure 4.7). The number of channels is typi-
cally differentiated into reaches in which channels
are absent or discontinuous, single channeled or
multichanneled (Figure 4.7a). Rivers that are
capacity- or competence-limited tend to have
multiple channels with braided or wandering ten-
dencies. On low slopes, where drainage breakdown
occurs, distributary networks develop in the form
of anastomosing or anabranching networks. In low
energy systems that are unable to incise their
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valley floor, channels may be discontinuous or
absent.

As noted on Figure 4.7b, sinuosity, defined as
the ratio of channel length to valley length, typi-
cally ranges from 1.0 (straight) to 3.0 (tortuous).
Meandering is a natural tendency of rivers.
Practical experience has indicated that meander-
ing channels have a sinuosity greater than 1.3
(Brice, 1983). Variants of meander types can be dif-
ferentiated on the basis of their sinuosity. The de-
gree and type of sinuosity are dictated by the slope
of theriver (meanderingrivers on lower slopes tend
to be more sinuous), the texture of the river (rivers
in cohesive material tend to be more sinuous that
rivers with sand or gravel substrates), and the type
or combination of meander growth and shift forms
(i.e., extension, rotation, translation, and cutoffs)
(see Chapter 5). In some instances, a meandering
configuration may be imposed by antecedent con-
ditions. This is referred to as passive meandering,
and tends to produce irregular meanders. Rivers
that continue to adjust their meandering align-
ment are referred to as active meandering systems
(Richards, 1982).

As alluvial rivers flow through their own de-
posits, their bed and banks are deformable and
prone to lateral adjustment. The Ilateral stability
of the channel(s) is defined as the capacity of ariver
to adjust its position in the valley floor trough.
Components of lateral stability include meander
growth and shift, the degree of braiding and thal-
weg shift, and tendency towards avulsive behavior
(Figure 4.7c). In many instances, the pattern and
rate of lateral stability are fashioned by the vertical
stability of the channel, especially the potential for
bed incision (degradation).

In most instances, lateral stability is directly re-
lated to channel sinuosity. The degree to which
bends grow and shift provides a key criterion for
differentiating among meandering river types
(Figure 4.7c). Progressive bend extension, transla-
tion, or rotation are considered to be more stable
forms of adjustment compared to neck or chute
cutoffs. The latter variants induce secondary
forms of instability by changing river gradient and
length.

A wide range of measures has been used to meas-
ure braided indices (see Thorne, 1997). In simple
terms, the degree of braiding can be expressed as

the percentage of channel length that is divided by
islands or bars (Schumm, 1985). This records the
extent of thalweg shift along a reach (Figure 4.7c).
Bedload multichanneled systems are prone to de-
velop a large number of channels that divide
around bars, such that they have a high degree of
braiding. Channel stability is enhanced when veg-
etation colonizes the bars and islands develop. For
example, many anastomosing rivers have exceed-
ingly stable channels. Brice (1983) describes reach-
es as “locally braided” if 5-35% of reach length is
divided and as “generally braided” if more than
35% is divided. The character of braiding is
defined by the assemblage and shape of bars and
islands within the braid belt.

Some channels have a tendency towards avul-
sive behavior, making them laterally unstable.
Avulsion is defined as a wholesale shift in channel
position on the valley floor such that a new or
secondary channel results. Leedy et al. (1993) and
Nanson and Knighton (1996) describe three orders
of channel avulsion (Figure 4.7c¢). First order avul-
sion is defined as a relatively sudden and major
shift in the position of the channel to a new part of
the floodplain. Rivers with coarse bedload (sand
and gravel), with noncohesive banks and high
stream power are susceptible to this form of avul-
sive behavior. Second order avulsion is defined as
a sudden reoccupation of an old channel on the
floodplain. Some fine-grained multichanneled
networks, including anastomosing variants with
flashy flow regimes, display this form of avulsive
behavior. Finally, third order avulsion is defined as
relatively minor switching of channels, within a
braid train, referred to as thalweg shift (Schumm,
1985).

Combining these various measures of channel
planform provides a basis to characterize differing
forms of alluvial river morphology, as outlined in
the next section.

4.7.1 The continuum of alluvial
river morphology

Self-adjusting alluvial rivers flow over, deposit,
and rework river-borne deposits, and are able to de-
form their boundaries both laterally and vertically.
Continuous genetic floodplains line both channel
margins. A continuum of variants of alluvial chan-
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nel planform can be differentiated, based on meas-
ures of sinuosity, number of channels, and lateral
stability (see Figure 4.8).

Discriminating functions used to differentiate
among channel planform types have been framed
in terms of channel slope, discharge, and particle
size (see Lane, 1957; Leopold and Wolman, 1957;
Henderson, 1961; Osterkamp, 1978; Bledsoe and
Watson, 2001). These empirical relationships out-
line the bounds within which different planform
types operate. They provide a useful basis to pre-
dict likely adjustments to changes in controlling
variables. For example, channels that sit close to a
planform threshold may be particularly sensitive
to change. As slope increases for a given discharge,
channel sinuosity decreases and the number of
channels increases, with associated increases in
width : depth ratio, sediment load, and sediment
caliber. Hydraulic adjustments are marked by in-
creases in flow velocity, tractive force, and stream
power. As aresult, bedload transport increases and
the lateral stability of the channel decreases. In
general terms, this gradation of channel planform
types reflects a declining energy gradient from
braided through meandering to straight and
anastomosing variants (Figure 4.8).

Ultimately, however, the failure of discriminant
analysis may be attributed to problems of defini-
tion and interdependence of the terms used (nei-
ther discharge nor slope are independent), and the
fact that functions derived in one region, with one
particle size range, cannot necessarily be applied
elsewhere (Carson, 1984). The continuum concept
presented in Figure 4.8 oversimplifies the bound-
ary conditions within which differing channel
planform variants are found in nature. In rea-
lity, distinctions between morphologic types are
fuzzy and complex (Ferguson, 1987; Knighton and
Nanson, 1993; Bledsoe and Watson, 2001). A range

»
»

Figure 4.8 The continuum of variants of channel
planform (modified from Church, 1992 and Schumm,
1977)

Variants of alluvial river morphology are found along an
energy gradient extending from braided rivers through
to discontinuous water courses and from bedload
through mixed load and suspended load systems. A
myriad of intermediary variants can be added to this
schematic diagram.
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of additional controlling factors affects channel
planform, such as riparian vegetation cover, load-
ing of woody debris, antecedent controls, valley
alignment/confinement, human disturbance, and
off-site impacts. Such extensions are required to
explain variants that fall outside conventionally
accepted planform types (e.g., discontinuous wa-
tercourses), or field examples that do not fit within
these general relationships.

Process and historical studies of individual
streams suggest that switches between channel
planform types may be historically contingent on
how intrinsic variables have “primed” a reach for
instability and on the state of the channel at
the time of impact (Bledsoe and Watson, 2001).
For example, Millar (2000) suggested that the
meandering-braided threshold for gravel-bed
rivers with noncohesive gravel banks is altered by
the influence of vegetation on bank stability (i.e.,
the erosional resistance of the banks). This factor
affects the ability of a channel to form a wide-
shallow morphology and hence develop braiding
tendencies. For given values of discharge and
slope, if bank stability is decreased via the removal
of bank and riparian vegetation, the meandering-
braided threshold is effectively lowered, and braid-
ing is induced along rivers that were once
meandering. This relationship also works in re-
verse with increased forest cover or planting of ri-
parian strips. However, this relationship seems to
only hold true for those braided and meandering
rivers that are sensitive to change, i.e., they sit
close to the meandering-braided threshold. Hence,
rivers that sit away from the threshold tend to be
relatively resilient to changes in bank and riparian
vegetation density. No single threshold function
can differentiate among planform variants; rather,
afamily of threshold curves reflect the sets of con-
ditions within which different rivers operate
(Carson, 1984).

In practice, intermediate and transitional forms
in the continuum of planform variants are proba-
bly more frequently observed than end-member
situations (Ferguson, 1987; Thorne, 1997).
Dividing lines or threshold conditions that differ-
entiate among planform types are blurred rather
than clear. Susceptibility to transformation of
channel planform is usually indicated by the range
of channel and floodplain forms observed along a
reach. If the channel displays only the archetypal

features of ameanderingriver, it is generally safe to
say that it operates some way from notional braid-
ed threshold conditions (Thorne, 1997). Because
channel planform is frequently transitional, and
is shaped by complex sequences of disturbance
events, stochastic alternatives to deterministic
thresholds may be more useful and realistic for pre-
dictive and postdictive work on the effects of plan-
form adjustments (Bledsoe and Watson, 2001).

In addition to these concerns, several philosoph-
ical and methodological issues confound reliable
appraisals of river morphology framed solely in
terms of channel planform. For example, variants
of channel planform are commonly not differenti-
ated using discrete criteria. While meandering
rivers are defined primarily on the basis of their
sinuosity, braided channels are multichanneled
(but unstable), and anastomosing river systems are
differentiated by their laterally stable multichan-
neled configurations. Many reaches demonstrate
different planform styles at different flow stages;
braids can meander, meanders locally braid, and
the anabranches of an anastomosing river can be
sinuous or straight. Reaches viewed to be interme-
diate between two or more planform variants can-
not necessarily be inferred to be an intermediary
type of river. Individual channel planform types
do not reflect specific geomorphic processes that
occur under unique sets of circumstances. Rather,
they reflect fluvial adjustment to combinations of
inter-related variables, in which limiting factors
may impose a particular morphologic response.

Fully adjusting alluvial rivers represent only a
part of the spectrum of morphological diversity
demonstrated by rivers. Measures used to analyze
channel planform are irrelevant to many variants
of river morphology, such as bedrock-controlled
rivers. Ultimately, the importance of channel
planform as a determinant of river type depends on
the valley-setting of any given reach. In the sec-
tions that follow, form-process associations of
differing laterally-unconfined planform types are
presented in terms of an energy gradient. These are
termed laterally-unconfined rivers rather than
fully alluvial, as the role of antecedent sediment
stores and bedrock basements may dictate the
form-process associations of these rivers to signif-
icant degrees. Five key categories of river character
are summarized: laterally-unconfined high energy,
laterally-unconfined medium energy, laterally-
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unconfined low energy with continuous channels,
laterally-unconfined low energy with bedrock-
based channels, and laterally-unconfined low
energy with discontinuous channels. These
categories, together with their confined and
partly-confined counterparts (Section 4.8), are sub-
sequently used as the basis for description of river
behavior in Chapter 5.

4.7.1.1 Laterally-unconfined, high
energy rivers

Figures 4.9-4.12 provide examples of various later-
ally-unconfined, high energy rivers. Each type is
briefly discussed below.

Boulder-bed rivers Boulder-bed rivers typically
occur in areas of local valley widening immedi-
ately downstream of confined reaches (Figures 4.9a
and 4.10). These high energy settings are character-

ized by steep slopes. Floodplains tend to have a
convex cross-profile with a fan-like morphology.
They thin downstream, as the transport capacity
of flows decreases. Single or multichannel systems
may develop. These channels tend to have a low
sinuosity. They have the propensity to avulse,
leaving abandoned channels on the floodplain.
Instream geomorphic units include boulder
mounds, boulder berms, cascades, rapids, and
islands.

Braided rivers Braided rivers are bedload domi-
nated systems in which bars are formed and
thalweg shift occurs within a multichanneled con-
figuration (Figures 4.9b and 4.11). When observed
in wide alluvial valleys, active channels tend to
favor only part of the valley floor at any one time.
Avulsion is common. Conditions that promote
braiding include moderately steep slopes and
flashy discharge regimes that promote high stream

Figure 4.9 Photographs of laterally-unconfined high and medium energy rivers
(a) Boulder bed stream (Bemboka River, Bega catchment, New South Wales, Australia), (b) braided river (New Zealand),
(c) wandering gravel bed river (Squamish River, British Columbia), (d) meandering river (British Columbia).
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Figure 4.10 Boulder-bed river
Planform and cross-sectional views of a boulder-bed river (from Macklin et al., 1992).
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Figure 4.11 Braided river
Planform and cross-sectional views of a braided river (Waimakariri River, New Zealand).
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powers, an abundant sediment load that in-
duces high bed mobility, and erodible banks
that enhance the formation of wide, shallow
channels. These rivers tend to be capacity limited
(i.e., the channels cannot transport all sediment
made available to them) or competence limited
(i.e., the caliber of material is too large to be
transported).

The characteristic feature of braided rivers is the
repeated division and joining of channels and the
associated divergence and convergence of flow.
These factors contribute to high channel instabili-
ty relative to other river types. Bars and islands
separate multiple channels. Bars are transient,
unvegetated, and submerged at bankfull stage,
whereas islands are often stable, vegetated, and
emergent at bankfull stage. Variants of braided
rivers reflect the variability in bed material tex-
ture, the level of channel dominance, the degree
of braiding, and the dominance of bars versus
islands.

The floodplains of gravel-bed braided rivers are
formed by migration and avulsion of the primary
braid belt to another section of the valley floor.
This leaves behind areas of accumulated alluvium
comprising multiple stacked bar sequences.
Elevated bars build up in large flood events, and
may become more stable over time. Local channel
incision may result in abandonment and stabiliza-
tion of adjacent bar surfaces (Reinfelds and
Nanson, 1993). Elevated surfaces may accumulate
overbank fines, typically around vegetation.
Floodplain areas are prone to reworking by lateral
channel shift, avulsion, and reoccupation of old
braid channels.

Sand-bed braided rivers are characterized by
wide, broad floodplains that are reworked by ex-
tensive channel widening (e.g., Schumm and
Lichty, 1963; Burkham, 1972). Flow divides
around multiple bars and sand sheets in a wide,
shallow macrochannel. During periods of low pre-
cipitation, when the stabilizing effect of vegeta-
tion is limited, extreme floods bring about erosion
and channel widening. Vertical accretion, associ-
ated with the coalescence of instream islands and
the infilling of secondary channels that separate
the islands from the floodplain, are the primary
mechanisms of floodplain formation. Floodplain
vegetation enhances the accumulation of in-
terbedded sandy units with mud veneers.

Wandering gravel-bed rivers Wandering gravel-
bed rivers (Figures 4.9c and 4.12) are an intermedi-
ary form between meandering and braided river
types, and they typically have characteristics of
both. Indeed, they may be observed between these
planform types in a characteristic downstream se-
quence that reflects a transition in slope and bed
material texture (Brierley and Hickin, 1991). Other
factors that lead to the development of wandering
gravel-bed rivers include coarse sediment inputs
that promote the development of bars and islands
which modify flow alignment, changes in valley
gradient, and periodic formation of log jams
(Church, 1983; Desloges and Church, 1987).
Wandering gravel-bed rivers tend to have fewer
channels and active bars than braided rivers. In
general, a dominant channel can be identified.
Channels are laterally active, with moderately
high width : depth ratios.

In some instances, laterally unstable braided
and anabranching channels are separated by well-
vegetated islands that are sometimes leveed.
Floodplain formation is dominated by lateral
migration of point bars, overbank accretion, and
abandoned channel accretion. Avulsion and
chute channels commonly incise floodplains or
reoccupy paleochannels. In some instances,
nonmigrating gravel-bed channels flow around
well-vegetated islands composed of gravels and
boulders in small, steep basins. Log jams and sedi-
ment pulses can induce anabranch formation in
these relatively stable settings (Miller, 1991).

4.7.1.2 Laterally-unconfined, medium
energy rivers

Variants of laterally-unconfined, medium energy
river types are demonstrated in Figures 4.9, 4.13,
and 4.14. Each type is briefly discussed below.

Meandering rivers Meandering rivers are single
channeled systems with a sinuosity <1.3 and low
width :depth ratios (Figure 4.9d). They tend to
form on low-moderate slopes. Channels have a
relatively low bedload transport capacity (i.e., they
are generally mixed or suspended load rivers).
Channels tend to be wider at the apex of bends,
with an asymmetrical form. Channels migrate
laterally or translate downstream. The rate of
meander shift varies dependent upon the type of
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Figure 4.12 Wandering gravel bed river
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Planform and cross-sectional views of a wandering gravel bed river. The air photograph is of the Waiau River, New
Zealand. Cross-section from Nanson and Knighton (1996), © John Wiley and Sons Limited, 2004. Reproduced with

permission.

meandering river and bed material caliber.
Bends may develop cutoffs at their necks or grow
laterally and shift/translate downstream.

A useful distinction can be made between active
and passive meandering (Richards, 1982). Active
meandering refers to ongoing bed and bank defor-
mation in self-forming channels (Figure 4.13).
Pool-riffle topography is inherently linked to the
pattern of bends and crossings in the meandering
channel alignment, with pools at bends and riffles
at crossings. Riffle spacing (typically five to seven
times channel width) is very close to half the me-
ander wavelength (ten to fourteen times channel
width), so that there is typically only one pool in
each bend, and only one distinct riffle at each
crossing (Thorne, 1997). In some instances, how-
ever, the meandering process is not fully self-
adjusting, such that irregularities are induced to
the planform pattern. These instances can be re-
ferred to as passive meandering rivers, in which
the planform is imposed (Figure 4.14). Fine-grained
alluvial rivers commonly exhibit a passive mean-
dering channel alignment. In these cases, there is
little evidence for active erosion and the lack of

bedload materials limits the development of point
bars. Maintenance of a low channel capacity with
cohesive banks minimizes the effectiveness of ero-
sive events, and energy is effectively dissipated at
overbank stage.

Meandering reaches of differing sinuosity and
textural characteristics may have widely ranging
lateral migration rates and associated assemblages
of channel and floodplain forms (see Brice, 1964;
Church, 1992). The degree to which bends grow
and shift provides a means to differentiate among
types of meanderingriver (see Figure 4.8). Differing
patterns of geomorphic units provide insight into
forms of lateral adjustment. For example, the char-
acter of channel movementisrecorded by different
forms such as paleochannels, cutoff channels,
ridge and swale topography, or flat floodplains.
Although lateral stability is directly related to
channel sinuosity, sinuosity in itself does not pro-
vide a measure of lateral stability. Rather, channel
sinuosity and the shape of the meander bend influ-
ence the form of meander growth. In general terms,
meandering reaches on steeper slopes tend to be as-
sociated with higher sinuosity and greater lateral
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Figure 4.13 Active meanderingriver

Planform and cross-sectional views of an active meandering river (Murray River, Australia).
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Figure 4.14 Passive meandering river

Planform and cross-sectional views of a passive meandering river (Goulburn River, Victoria, Australia).

instability. Progressive tendencies for bend exten-
sion, translation, or rotation are considered to be
more stable than neck or chute cutoffs that induce
secondary forms of instability, such as changes to
river gradient and length. Rates of bend migration

attain a maximum value where the ratio of radius
of curvature to channel width (r_: w) approximates
3.0, and decline rapidly for bends with values
above and below 3.0 (Hickin and Nanson, 1975,
1984). Increasing rates of bend migration lead to
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the formation of widely spaced ridges and swales
on the floodplain. Discontinuity in rates of bend
migration promotes scroll bar development as
incipient forms of ridge and swale topography.

Nanson and Croke (1992) differentiated between
three main variants of laterally migrating mean-
dering rivers, namely systems with scrolled flood-
plains, backswamps, and nonscrolled floodplains.
Meandering rivers with scrolled floodplains are
sand or gravel dominated systems with a character-
isticridge and swale topography. Floodplain scrolls
can result from three processes (Nanson and
Croke, 1992). Transverse bars may migrate over a
point bar that is topped with overbank
sediment (Sundborg, 1956; Jackson, 1976).
Alternatively, sediments are deposited from sus-
pension within a flow separation cell over a point
bar (Nanson, 1980, 1981). These types of scroll bar
grow bothupstream and downstream, developinga
wider spacing as the rate of channel migration in-
creases (Hickin and Nanson, 1975). Finally, undu-
lating ridges and swales are produced when former
chute channels that developed between the convex
bank and the point bar become incorporated into
the floodplain (McGowen and Garner, 1970;
Nanson and Croke, 1992; Brierley and Hickin,
1992).

Meandering rivers with backswamp floodplains
are characterized by extensive deposits of fine-
grained overbank sediment along valley margins
(Fisk, 1944, 1947; Farrell, 1987; Woodroffe et al.,
1989). Pronounced levees may induce an energy
gradient across the floodplain, resulting in reduced
rates of vertical accretion with distance from the
channel. When flows go overbank, coarser sedi-
ments are deposited on the levee crest (Pizzuto,
1987), while finer-grained suspended load
materials accrete as flow energy is dissipated over
the floodplain. Backswamp, wetland, or floodplain
ponds may develop in distal areas. Lateral accre-
tion deposits are confined to the proximal flood-
plain where there is sufficient energy to rework
part of the wide, alluvial plain. This results in a
composite floodplain formed by two different sets
of processes (Nanson and Croke, 1992).

Meandering rivers with nonscrolled floodplains
tend to migrate rapidly when flowing through
sandy deposits. Levees are absent. Convex bank
deposition builds a point bar that grades into thin,

horizontally bedded overbank deposits (Nanson
and Croke, 1992). Suspended load system variants
are found on low slopes in wide valleys. The lack of
bedload material limits the range of instream geo-
morphic units. Given the cohesive nature of the
floodplain sediments, these rivers tend to have low
migration rates and floodplains are dominantly
built via vertical accretion. Over time, oblique ac-
cretion features may slowly build along the convex
banks of meander bends. Eventually these features
become incorporated into a broad, flat, featureless
floodplain. These rivers are prone to avulsion.
Meander cutoffs and paleochannels are common.

4.7.1.8 Laterally-unconfined, low energy rivers
with continuous channels

Variants of laterally-unconfined, low energy rivers
are demonstrated in Figures 4.15-4.17. Each type s
briefly discussed below.

Low sinuosity rivers Low sinuosity or straight
channels are generally low energy, suspended load
systems with sinuosities <1.3. Given the limited
availability of bedload materials, instream geo-
morphic units are restricted to occasional alter-
nate and transverse bars and various fine-grained
depositional forms such as drapes associated with
oblique accretion. The high silt-clay content of
bank materials promotes low capacity channels
with a relatively uniform, deep, and narrow geo-
metry. In these low slope settings, channels are un-
able to generate sufficient energy to promote bank
erosion, and cross-sectional currents are relatively
weak. This induces high lateral stability.
Floodplains are dominated by vertically accreted
silt and clay (e.g., Nanson and Young, 1981;
Brakenridge, 1985). Low levees and backswamps
may be evident, but in general floodplains are
relatively flat.

Sand- and gravel-bed variants of low sinuosity
rivers are characterized by alternating lateral and
point bars, with occasional midchannel bars and
islands and chute cutoffs (Bridge et al., 1986; Bridge
and Gabel, 1992) (Figures 4.15a and 4.16).
Floodplains comprise abandoned bars and associ-
ated features such as scrolls, infilled chute chan-
nels, abandoned swampy channels, and narrow
levees.



River character 129

Figure 4.15 Photographs of laterally-unconfined low energy rivers

(a) Low sinuosity river (Bega River, New South Wales, Australia), (b) anastomosing river (Channel Country,
southwestern Queensland, Australia), (c)laterally-unconfined bedrock-based river (Sabie River, South Africa), (d)
intact valley fill (Barbers Creek, Shoalhaven catchment, New South Wales, Australia), and (e) floodout (western New
South Wales, Australia).

Anabranching rivers Particular sets of sedimen-
tary, energy-gradient, and hydraulic conditions
promote the operation of river systems as multiple
channels separated by areas of floodplain, or as sta-
ble vegetated islands or alluvial ridges around
which flow divides at discharges up tonearly bank-
full. Multiple channels concentrate stream flow
and maximize bed-sediment transport (work per

unit area of the bed) under conditions where there
is little opportunity to increase gradient (Nanson
and Knighton, 1996; Jansen and Nanson, 2004).
High-energy variants of anabranchingriver such as
wandering gravel-bed rivers have been described
earlier. Lower energy variants are stable, multi-
channeled, suspended load systems that occur on
low slopes. Intervening areas of floodplain or vege-



Chapter4

terrace
margin

- sand bars (point & lateral)

Il island S
XYY floodplain

\\\\‘:‘ zS$

/ j <«—— drainage lines

floodrunner levee

lateral bar

50 o
S

tated islands/ridges are large relative to the size of
the channels. As aresult, flow patterns in adjacent
channel segments are effectively separated. This
characteristic sets these rivers apart from braided
rivers. Channel capacity is highly variable, and
each anabranch may have its own planform. Some
channels may meander, braid, or remain relatively
straight and eventually rejoin the primary chan-
nel. However, given the fine-grained nature of
these rivers, the lateral stability of each channel is
high, but avulsion is common (Smith et al., 1989;
Jain and Sinha, 2004). Mechanisms that promote
the development of anabranching channels in-
clude erosional excavation of channels within the
floodplain via avulsion, and accretional formation
of islands and ridges which are subsequently stabi-
lized by vegetation (Nanson and Knighton, 1996).

Figure 4.16 Low sinuosity river
Planform and cross-sectional views
of alow sinuosity river (from Bridge
etal., 1986).

Multichanneled anabranching rivers with cohe-
sive floodplain are commonly termed anastomos-
ing rivers (Figures 4.15b and 4.17). In these
settings, low width : depth ratio channels exhibit
little or no lateral migration, but are subjected to
changes in flow preference, typically associated
with differential rates of channel infilling (a form
of avulsion). Floodplains comprise vertically ac-
creted mud and/or organic-rich (peat-like) deposits
(Smith and Smith, 1980; Smith, 1983, 1986;
Knighton and Nanson, 1993; Nanson and
Knighton, 1996). Shallow levees may develop adja-
cent to the channels. Given the cohesive character
of the floodplains, narrow, deep channels are often
sinuous but are laterally very stable. Islands
that are excised from the floodplain separate chan-
nels. Very little bedload is transported in these
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Figure 4.17 Anastomosingrivers

secondary
channel

Planform and cross-sectional views of an anastomosing river. Air photograph is of the channel country near
Innaminka, southwestern Queensland, Australia. Cross-section from Nanson and Knighton (1996), © John Wiley and

Sons Limited, 2004. Reproduced with permission.

suspended load systems. Given their low gradi-
ents, anastamosing rivers are found in settings in
which unit stream power is very low (<8 Wm™2).

Sand-dominated, island-forming anabranching
rivers are characterized by low sinuosity channels
that tend to be relatively wide and sometimes con-
tain braided reaches. The channels are dominated
by sandy bedload and there is very little fine sedi-
ment on the floodplains (Nanson and Knighton,
1996). Vegetation acts as a primary stabilizing
force in these noncohesive systems.

Finally, mixed-load laterally active anabranch-
ing rivers have meandering, multichanneled sys-
tems that migrate laterally across a portion of their
floodplain (Nanson and Knighton, 1996). These
systems carry a mixed load of sand and mud, and

occasionally fine gravel (Nanson and Knighton,
1996; Brizga and Finlayson, 1990). Channel avul-
sion during major floods forms a laterally active
short-lived anabranch. This channel remains rela-
tively inefficient until a higher energy channel is
generated.

4.7.1.4 Laterally-unconfined, low energy rivers
with continuous bedrock-based channels

In some laterally-unconfined settings, channels
may flow within relatively thin veneers of alluvial
material atop a bedrock base (Figures 4.15¢ and
4.18). This situation is especially common in
transfer zones of the upper to middle catchment.
These low sinuosity bedrock-based channels have
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a slot-like (symmetrical) morphology. Depending
upon instream roughness, these settings have the
capacity to flush bedload caliber materials, while
leaving occasional pockets of reworked bedload
materials that form shallow bars (typically
bank-attached). They tend to be characterized by
vertically-accreted fine-grained floodplains. The
limited capacity for channel adjustment often pro-
motes the development of a low sinuosity plan-
form. Bedrock steps exert a primary influence on
river adjustment. If excess energy is available,
channel expansion promotes ledge formation.

In a differing form of transfer reach, bedrock
anastomosing rivers may be observed (Figures
4.15¢ and 4.18). These vertically constrained
multichanneled systems are contained within a
low sinuosity macrochannel (Heritage et al., 1999;
van Niekerk et al., 1999). As the macrochannel is
incised into bedrock, it is laterally very stable.
Bedrock-based, vegetated ridges (termed bedrock
core bars) separate channels. Each anabranch may
have a variable morphology, as planform flow
paths tend to be related to joint and fracture pat-
terns in the bedrock. As each bedrock anabranch
may sit at a different elevation, low flows may be

Il bedrock pavement

bedrock
outcrop

Figure 4.18 Laterally-unconfined
bedrock-based river

Planform and cross-sectional views
of alaterally-unconfined bedrock-
based river (modified from van
Niekerk et al., 1999). Planform and
cross-sectional views of a laterally-
unconfined bedrock-based river.
Modified from van Niekerk et al.
(1999), © John Wiley and Sons
Limited, 2003. Reproduced with
permission.

contained within just one or two primary
channels. The prominence of bedrock generates
considerable local geomorphic and hydraulic
diversity. Most bedrock geomorphic units pro-
trude above the water surface at low flow, leaving
topographic lows such as backwaters and pools
inundated. At high flow stages, the entire
macrochannel acts as a flow path. Alluvium is lo-
cally deposited atop ridges and in riffles, backwa-
ters, and lee bars. Bedrock distributary channels
(anabranches) tend to remain largely sediment-
free, as their higher slope and transport capacity
promote flushing. The floodplain is rarely inundat-
ed given the incised nature of the macrochannel.
However, when overbank events do occur, sus-
pended load materials are deposited over the
bedrock platform, along the banks, and as a thin ve-
neer beyond the macrochannel. In some settings,
long, parallel, sand-dominated ridges separate low
width : depth ratio channels (Wende and Nanson,
1998). Vegetation cover has a formative role in
the generation and maintenance of these steep-
sided ridges. The macrochannel tends to be con-
fined by bedrock, indurated materials, or cohesive
mud.
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Figure 4.19 Cut-and-fill river

Planform and cross-sectional views
of a chain-of-ponds river (Mulwaree
River, New South Wales, Australia).

4.7.1.5 Laterally-unconfined, low energy rivers
with discontinuous channels

Figures 4.15, 4.19, and 4.20 show examples of
laterally-unconfined, low energy rivers with dis-
continuous channels. Each type is briefly
discussed below.

Cut-and-fill rivers with discontinuous channels
Cut-and-fill rivers record spatial and temporal dis-
continuity of landscape forms and processes.
During the fill phase, channels are discontinuous
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or absent and unit stream power tends to be very
low (<10 Wm™2). Flow energy is dissipated over an
intact valley fill surface, resulting in slow rates of
vertical accretion (commonly in swamps). When
incision occurs (the cut phase), flow is concentrat-
ed within the channel and unit stream power in-
creases dramatically. Former phases of channel
abandonment may be evident in the bank
stratigraphy.

The range of nonchannelized cut-and-fill
variants reflects textural characteristics and the
character and/or extent of vegetation cover.
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Cut-and-fill rivers have been recognized in a wide
range of environments. For example, in the humid
uplands of southern Australia variants include
chains-of-ponds (Figure 4.19), swamplands, intact
valley fills (Figure 4.15d), dells, and swampy mead-
ows (Eyles, 1977; Bird, 1982, 1985; Young, 1986;
Prosser et al., 1994). Along Mediterranean valleys,
equivalent features are called wadis (Vita-Finzi,
1969). In plateau regions of southern Africa,
dambos are a form of discontinuous watercourse
(Mackel, 1974), while in the semiarid American
southwest cut-and-fill systems are termed arroyos
(Schumm and Hadley, 1957; Cooke and Reeves,
1976; Graf, 1983a). In general, variants of cut-and-
fill river behavior are associated with upper to
middle parts of catchments where channels are
either absent or discontinuous for a significant
proportion of time.

Floodout rivers with discontinuous channels
Additional variants of discontinuous watercourse
have been described for low-slope settings in semi-
arid or arid terrains, where channels may termi-
nate in a floodout or terminal fan (Figures 4.15e
and 4.20). In these wide alluvial valleys, the riveris
unable to maintain a continuous channel or trans-
portitssedimentload, and drainage breakdown oc-
curs. Beyond the discontinuous channel, materials
“floodout” over the alluvial plain in a fan-like for-
mation. Lobes of sediment accumulate over the
valley floor as the location of the floodout shifts
over time. Variants of floodout include terminal
floodouts where the entire drainage network
breaks down (Gore et al., 2000), or intermediate
floodouts where anabranching drainage networks
terminate prior to reforming downstream (Tooth,
1999).

Floodouts have also been described in temperate
environments where bedload materials are de-
posited atop intact swampy valley fill downstream
of discontinuous gullies (Erskine and Melville,
1983; Melville and Erskine, 1986; Brierley and
Fryirs, 1998; Fryirs and Brierley, 1998). Bedload
caliber materials “floodout” from a gully form-
ing a shallow, fan-shaped feature atop suspended
load deposits of the buried swamp.

The continuum of alluvial rivers described in this
section outlines end-member situations and is far
from complete. Analysis of river character and
behavior in any given reach requires appraisal of

the form-process associations that characterize
geomorphic units along a river, and their interac-
tions (or packages), rather than merely determining
which of the variants outlined aboveisclosest to the
field situation under investigation (see Brierley,
1996). This approach to analysis of river character
and behavior can be extended beyond alluvial vari-
ants, as outlined in the following section.

4.8 Valley confinement as a determinant of
river morphology

Other than fully self-adjusting alluvial rivers,
most rivers flow in valleysin which bedrock exerts
some degree of lateral and/or vertical control on
their character and behavior. If alluvial deposits on
the channel bed are not significantly deeper than
the deepest scour holes, such that valley floor slope
and structure exert a significant control on chan-
nel slope and vertical movement of the channel
bed, bedrock confinement represents a major con-
trol on river morphology (Kellerhals and Church,
1989). Bedrock rivers lack a continuous alluvial
bed and are confined to some degree by valley
walls. Hence, bedrock exerts vertical and/or later-
al constraints on river forms and processes. Unlike
fully alluvial rivers, channel morphology of
bedrock rivers reflects interactions between ero-
sive processes and the resistance of the channel
substrate (Wohl, 1998).

Valley confinement acts as a primary control on
the differentiation of geomorphic process zones
along rivers (see Chapter 3). Sediment source,
transfer and accumulation zones are influenced by
landscape setting and within-catchment position.
The capacity for sediment storage or reworking
alongareachisinfluenced by topographic controls
such as slope and valley confinement. Bedrock
rivers tend to occur in the incisional, degrading
parts of landscapes, typically characterized by
long-term sediment source or transfer zones.
Structural and lithological controls are ubiquitous
(e.g., Krzemieni, 1999). These reach-scale controls
combine with local distributions of forcing ele-
ments to impose major constraints on the opera-
tion of river forms and processes. In other
instances, a particular type of lithology may im-
pose an array of variants of channel morphology, as
demonstrated in karstic terrains.
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floodouts

Figure 4.20 Floodoutriver
Planform and cross-sectional views

stacked
floodout lobes

of a floodout river (Channel country
near Innaminka, southwestern
Queensland, Australia).

Differences in valley width may control spatial
patterns of erosion during geomorphically effec-
tive floods. Wide valleys can decrease the peak dis-
charge for a given event, as decreased velocity of
overbank flow results in temporary storage of
some of the runoff (Woltemade and Potter, 1994).
Even for a given discharge, narrow valleys have
higher stage, stream power, and shear stresses than

wide valleys (Miller, 1995). These conditions may
bereflected in floodplain forming processes and re-
sultant structure (Nanson and Croke, 1992). For
example, Ferguson and Brierley (1999a) noted sig-
nificant variability in floodplain forming and re-
working processes in a partly-confined valley,
associated with the degree of valley confinement
and valley morphology. Significant transitions in



136 Chapter 4

instream river character and behavior may accom-
pany changes to valley width (e.g.,, McDowell,
2001).

A range of schemes has been derived to charac-
terize therole of valley confinement as a control on
river morphology. In general, these schemes are
based on the distribution of genetic floodplain
along river courses (e.g., Lewin and Brindle, 1977;
Schumm, 1985; Rosgen, 1994, 1996; see Figure
4.21). Confined or entrenched rivers do not have
genetic floodplains, as their channel margins com-
prise bedrock or ancient alluvium (i.e., terraces)
(Figure 4.21). In effect, the entire valley floor acts as
a channel. In these settings, the entrenchment
ratio, defined as the ratio of flood prone width (i.e.,
width of the valley over the genetic floodplain) to
bankfull channel width, lies between 1.0-1.4
(Rosgen, 1994, 1996).

Given their steep slopes, confined rivers in
mountain settings tend to have high flood power
and high sediment transport capacities. Channels
are strongly coupled to adjacent hillslopes, which
act as major sources of sediment. The exposure of
bedrock on the channel bed reflects high transport
capacity relative to sediment supply. The mobile
bedload or suspended load fraction is prone to
flushing. Large particles that line the bed exert
a significant influence on river character and
behavior.

Confined rivers often have deep, narrow cross-
sections which encourage the high depths and ve-
locities associated with macroturbulent flow.
Given their inherent resistance, such channels
change little other than during catastrophic events
when peak velocities and depths exceed threshold
values required for macroturbulence to develop,
such that cavitation occurs (e.g., Baker and Costa,
1987; Kochel, 1988). Under these conditions, bed
configurations may bear a striking resemblance to
the riffle-pool morphology more commonly asso-
ciated with alluvial rivers (Baker and Pickup, 1987;
Wohl, 1992).

Rivers with discontinuous pockets of genetic
floodplain are vertically confined such that
bedrock is a key determinant on bed morphology.
The extent of lateral confinement influences the
potential for floodplain pockets to form (Figure
4.21). Rosgen (1996) defines moderately en-
trenched rivers as reaches with an entrenchment
ratio between 1.41 and 2.2. In the River Styles
framework, these are termed partly-confined val-
leys (Brierley et al., 2002). Differentiation of river
types in these settings reflects the position of the
channel relative to the valley margin, indicating
how often and over what length of river course the
channel impinges on the valley margin. In some
settings, for example, rivers are confined by ter-
races and/or bedrock, limiting available space in
which discontinuous pockets of genetic floodplain
may form. If the width of the genetic floodplain is
less than the amplitude of the meandering chan-
nel, boxed, or sinusoidal patterns result, in which a
meandering channel crosses from one confining
margin to another, resulting in discrete pockets of
floodplain (Lewin and Brindle, 1977). These val-
leys tend to be relatively sinuous. The dominant
channel adjustment processes include lateral
growth, loop extension, downstream translation,
and stabilization against confining media (Lewin
and Brindle, 1977). In valleys with a more regular
alignment, the channel may hug a confining bank
for some distance and then suddenly shift to the
opposite valley margin, creating discontinuous
pockets of floodplain. In these cases, the planform
of the river is more readily able to adjust but is
pinned by fine-grained floodplains and bedrock
valley margins (Brierley et al. 2002).

As valley morphology is a primary influence on
the distribution of unit stream power along river
courses (e.g., Graf, 1983b; Leece, 1997; Knighton,
1999), it exerts a key control on the transport and
deposition capacities within partly-confined val-
leys. In addition, valley alignment influences the
distribution of energy at differing flow stages,

»
»

Figure 4.21 Valley confinement as a control on river morphology

Valley confinement records the extent to which the channel abuts the valley margin. Three degrees of confinement
are indicated. In each instance, the extent to which the channel abuts the valley margin reflects the alignment of the
channel on the valley floor (in part this is determined by the alignment of the valley itself) and dictates whether
floodplains are absent (a), discontinuous (b), or continuous (c) (see text).
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thereby shaping patterns of sediment deposition
and reworking along valley floors and on
floodplains (Magilligan, 1992; Miller, 1995). Re-
markable pocket-to-pocket variability in flood-
plain sedimentology and structure may be evident,
in which individual pockets comprise distinct as-
semblages of geomorphic units dictated largely
by downstream changes in valley configuration
and flow alignment over floodplain surfaces (e.g.,
Ferguson and Brierley, 1999a, b).

An array of river types has been described for
rivers with occasional or discontinuous floodplain
pockets in confined or partly-confined valley set-
tings. As noted for laterally-unconfined channel
planform types, these systems form a continuum,
with considerable overlap among variants. In gen-
eral terms, the energy gradient reflects a combina-
tion of slope and valley confinement factors that
shape patterns of deposition and the potential for
reworking of alluvial stores along river courses.

4.8.1 Confined valley-setting rivers

Variants of confined rivers are shown in Figures
4.22 and 4.23. These rivers types are briefly
described below.

4.8.1.1 Steep headwater rivers or
mountain streams

Mountain streams on steep slopes flush all finer-
grained materials, such that large boulders line the
bed. However, the stream is only able to mobilize
these boulders during extreme flows. Erosion

along bedrock-based channels occurs by flaking of
rock fragments, block quarrying, and longitudinal
groove and pothole development (Wohl, 1998).
Although slopes are strongly coupled, rates of
sediment supply are highly variable, resulting in
irregular patterns of bed adjustments. The short
length of slopes in upland watersheds ensures that
hillslope materials are often delivered directly to
channels, resulting in high sediment delivery ra-
tios. Mass wasting from valley walls and debris
flows from tributaries have a stronger influence
on channel form in narrow-valley segments than
in wider valleys, often adding boulders and woody
debris that constrict the channel (Grant and
Swanson, 1995).

In general, steep headwater channels have a low
width : depth ratio and tend to develop a stepped-
bed morphology characterized by fall, cascade, and
step—pool sequences (Grant et al., 1990; Abrahams
et al., 1995; Montgomery and Buffington, 1997,
1998). The assemblage of these features is dictated
by local variability in channel slope and the distri-
bution of forcing elements. Pool size and spacing
are determined primarily by the pattern of falls
and steps. Cascades, riffles, and runs perform a
similar function in situations where coarse basal
materials line the channel bed.

Given their high transport capacity relative to
sediment supply, most steep headwater rivers
function as sediment transport zones that rapidly
convey sediment downstream (Montgomery and
Buffington, 1997). Sediment supply, lithology,
woody debris, and local slope have significant
effects on the ability to discriminate bedrock

Figure 4.22 Photographs of rivers in confined valley settings
Variants of rivers found in confined valley settings (a) gorge (Colorado, United States), (b) gorge (Shoalhaven River,
New South Wales, Australia).
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Figure 4.23 Rivers in confined valley settings

(a) Planform view of a gorge along Kangaroo River, New
South Wales, Australia, and (b) a cross-sectional view of
a confined valley with occasional floodplain pocket.
Cross-section is reprinted from Warner (1992) with
permission from Elsevier, 2003.

from alluvial reaches within headwater settings
(Montgomery et al, 1996; Massong and
Montgomery, 2000). Some of the factors affecting
sediment supply are highly variable in time, con-
trolled features such as sediment-trapping woody
debris and recent landslides (Hogan et al., 1998).
Given the episodic delivery of sediment from de-
bris flows and generation of sediment waves, head-
water basins may be sediment starved most of the
time (Benda and Dunne, 1997a, b). However,
pulsed sediment input does not necessarily cause
pulsed output (Lancaster et al., 2001). Rather,
small basins may absorb the sporadic and abrupt
inputs of sediment from debris flows and disperse
the material in place (Lisle et al., 1997, 2000). As a
result, output may produce a relatively smooth
fluvial sediment transport signal, as indicated by
Massong and Montgomery (2000).

Along more open channels in which bedrock
has a local-forcing rather than a dominant role on
channel morphology, a range of instream geomor-
phicunits may be evident, including an array of bar
types. In some cases, plane-bed channels may
develop, comprising well-sorted cobbles or a
homogenous bedrock surface. These rivers are
commonly straight with a rectangular to trape-
zoidal cross-sectional form and low width : depth
ratios. Channels with plane bed features may func-
tion as either sediment source or sediment storage
zones depending on the flow : sediment ratio, the
degree of bed armoring, and frequency of bed mo-
bility (Montgomery and Buffington, 1997). This
reflects sediment supply- and transport-limited
conditions respectively.

4.8.1.2 Gorges or canyons

Gorges and canyons typically form following
headward retreat of large knickpoints through a
landmass, creating a deep, narrow valley with
walls that are only slightly modified by slope
processes (Nott et al.,, 1996; Seidl et al., 1996)
(Figure 4.22 and 4.23a). Many gorges preferentially
erode weakened rock alongjoint planes. While slot
canyons tend to have straight channels, some
gorges have a superimposed meandering outline.
The valley floor slope typically comprises alter-
nating pools, rapids, and steps. Plunge pools form
as scour features downstream of steps, waterfalls,
or localized inputs of coarse sediment from hill-
slopes or small tributaries. Rapids comprising
coarse boulders form from local influx of materials
by tributaries or mass movement. These features
exert a clear impact on the longitudinal profile.
Bedrock steps may represent secondary knick-
points that act as local base level controls. If sub-
jected to significant sediment supply, beds can be
temporarily characterized by bars or stores trapped
behind forcing elements or flow obstructions such
as woody debris.

4.8.1.3 Confined rivers with occasional coarse
textured floodplains

Flash flooding in steep, bedrock-confined valleys
may mobilize very coarse bedload and induce cata-
strophic erosion (e.g., Stewart and LaMarche,
1967; Baker, 1977). These valleys tend to comprise
bedrock steps, scour pools, and runs, with occa-
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sional bars or thin, shallow floodplain pockets.
The latter features are typically composed of poor-
ly sorted gravels and boulders. These are preserved
behind bedrock spurs or accumulations of woody
debris (Figure 4.23b). Floodplain pockets may have
coarse grained levees, sand and gravel splays, chute
channels, scour holes, and abandoned channels
covered by thin overbank deposits of fine alluvium
(Nanson and Croke, 1992). Floodplains formed by
a combination of lateral, vertical, and abandoned
channel accretion are prone to stripping or re-
working by chute cutting or channel avulsion.
Abandoned channels can be infilled by coarse sedi-
ments (Baker, 1977).

4.8.2 Partly-confined valley-setting rivers

Various end-member situations of river types in
partly-confined valleys are shown in Figures 4.24
and 4.25, and are discussed briefly below.

4.8.2.1 Partly-confined rivers with vertically
accreted sand and silt floodplains

Floodplain pockets preserved behind bedrock
spurs in meandering or irregularly-shaped partly-
confined valleys comprise vertically accreted sand
and silt materials (Nanson, 1986; Ferguson and
Brierley, 1999a). These may be gravel-based rivers
where lag materials line the valley floor and flood-

plains are largely silty (e.g., Nanson, 1986), or sand-
bed variants with sand and silt floodplains (e.g.,
Ferguson and Brierley, 1999a) (Figures 4.24a, and
4.25a and c). As the channel impinges against
bedrock along much of its course, it is laterally sta-
ble. Large compound point bars and point benches
characterize the inside of bends, with bedrock
induced pool-riffle sequences along the bed.
Floodplains are dominantly flat, but accentuated
floodchannels, levees, and crevasse splays may be
observed (Ferguson and Brierley, 1999a). During
high magnitude, low frequency events, cata-
strophic erosion may strip floodplain pockets
down to the basal gravel lag (Nanson, 1986). This
periodic destruction may reflect progressive build
up of alevee that increasingly concentrates stream
power within the channel zone during high energy
flood events, prior to extreme events that strip the
floodplain.

In valleys with a more regular alignment, low
sinuosity channels may be pinned along one valley
margin before suddenly shifting to the opposite
valley margin. These planform-controlled vari-
ants of partly-confined rivers also have vertically
accreted silty floodplains (Brierley et al., 2002).
The cohesive nature of floodplain sediments en-
sures that the channel remains pinned in place.
Floodplains tend to be relatively flat, but shallow
levees may line the channel margin. Occasional
floodchannels may short-circuit floodplain

Figure 4.24 Photographs of
rivers in partly-confined
valley settings

(a) A vertically accreted sand
and silt floodplain variant, and
(b) alaterally accreted sandy
with ridge and swale topo-
graphy floodplain variant.
Both examples are from the
Clarence Catchment, NSW,
Australia.
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pockets, but stripping does not tend to occur.
Bedrock-induced pools and midchannel bars may
be evident.

4.8.2.2 Partly-confined rivers with laterally
accreted sandy floodplains

In sinuous valleys flowing through easily erodible
sedimentary rocks, discontinuous floodplain
pockets form between bedrock spurs along the
convex margin of the valley (Figures 4.24b and
4.25b). These have been referred to as ingrown me-
anderingrivers (Brakenridge, 1985). Asymmetrical
valley cross-sections have steep bedrock cliffs on
the outsides of bends and gently sloping bedrock
slip faces with point bar and point bench deposits
on the insides of bends (Brakenridge, 1985;
Ferguson and Brierley, 1999a). Bedrock-lined pools
and riffles characterize the channel zone. As these
rivers migrate laterally, they leave bedrock ledges
that represent the former position of the channel
along the convex banks of bends. Alluvium de-
posited over these ledges forms a series of overlap-
ping lateral accretion deposits, point benches, and
levees. Occasional floodchannels may short-
circuit the floodplain pocket along swales. In some
instances, where bedrock is less of an influence on
bed morphology, ridge and swale topography may
record the meander pathway down and across the
valley floor, developing from an initial low sinuos-
ity course to a pattern of arcuate forms (Ferguson
and Brierley, 1999a). As the channel incises and
translates or moves laterally, progressively higher
surfaces are sometimes abandoned as terraces.
When the bend eventually impinges on the con-
cave or downstream valley margin, migration
ceases and floodplains can be transformed into
vertically accreting forms.

A

Figure 4.25 Variants of rivers found in partly-confined
valley settings

Planform and cross-sectional views of various partly-
confined river types. (a) Planform map of a vertically
accreted discontinuous floodplain river (Bellinger
valley, NSW). (b) Cross-section of a vertically accreted
sandy floodplain (modified from Brakenridge (1984). (c)
Cross-section of a vertically-accreted sand and silt
floodplain. Reprinted from Warner (1992) with
permission from Elsevier, 2003.




142 Chapter4

4.9 Synthesis

In this chapter, a hierarchy of inter-related attrib-
utes has been shown to produce a remarkable di-
versity of river character. Seven primary categories
of river morphology have been described, re-
flecting the continuum from confined through
partly-confined to laterally-unconfined rivers.
This continuum reflects the relative balance of

erosional and depositional processes in any given
setting. However, this balance is not time invari-
ant, resulting in pronounced variability in the ex-
tent and frequency with which different types of
river adjust their morphology. Indeed, how a river
behaves is more important for management appli-
cations than descriptions of how a river looks.
Insights intoriver system dynamics and associated
behavioral regimes are appraised in Chapter 5.



CHAPTER 5

River behavior

The Northwest’s great river, Celilo Falls revealed, is a convection, not a collection; purest verb,

notnoun. ..

5.1 Introduction: An approach to interpreting
river behavior

Rivers are never static. Disturbance is the norm,
as reaches constantly adjust one way or another.
Indeed, regeneration and replenishment are criti-
cal components in the maintenance of vibrant
aquatic ecosystems. Natural disturbance events,
such as thunderstorms, cyclones, fires, tectonic
uplift, volcanic activity, etc., and associated land-
scape responses, vary markedly from place to
place. River adjustments reflect cumulative re-
sponses torecent events, lagged responses to previ-
ous events, and off-site responses to events that
occurred elsewhere. Responses to human distur-
bance, whether advertant or otherwise, lie atop
this natural diversity. The site-specific nature and
timing of these factors, and patterns of connecti-
vity within any catchment, result in pronounced
diversity of river responses to past and ongoing dis-
turbance events. River management strategies
that strive to “work with” the inherent natural
variability of river systems, respecting the inher-
ent diversity of river forms and processes and their
capacity to change, must recognize that nonlinear
nature adjustments are a functional and desirable
part of longer-term evolutionary trends.

In this chapter, a conceptual approach to apprais-
al of system dynamics is developed. The approach
considers what attributes of a reach are able to ad-
just, the timeframe over which adjustments take
place, and the geomorphic consequences of those
adjustments. An assessment is made to determine
whether ongoing adjustments are part of the “ex-
pected” behavioral regime for that type of river,
such that the reach sustains a characteristic mor-
phology and associated set of process attributes, or

David James Duncan, 2001, p. 6

whether a fundamental shift in form-process asso-
ciations is underway and the reach is evolving to a
different type of river. Marked differences in types,
patterns, and rates of geomorphic adjustment are
expected for differing reaches in differing settings.
River behavior is considered in this chapter, while
river change is analyzed in Chapter 6.

River behavior is defined as adjustments to
river morphology induced by a range of erosional
and depositional mechanisms by which water
moulds, reworks, and reshapes fluvial landforms,
producing characteristic assemblages of land-
forms at the reach scale. Reach behavior is con-
sidered over timeframes in which boundary
conditions have remained relatively uniform,
such that flow and sediment load inputs and out-
puts are near consistent, and a characteristic set of
attributes is maintained. In making these assess-
ments, system responses to differing forms of dis-
turbance are appraised, outlining the capacity for
adjustment of the reach and associated recovery
times.

Any sense of system dynamic requires an ap-
preciation of system evolution. Evolution takes a
multitude of forms, operating at rates that range
from the catastrophic to the inexorably slow.
Physical consequences are manifest in different
ways in different systems. In differentiating behav-
ior from change, timeframes of adjustment must
be appraised in a landscape- or catchment-specific
manner. Critical to this assessment is a sense of
the natural or inherent stability of the system. A
stream is considered to be unstable if it exhibits
abrupt, episodic, or progressive changes in posi-
tion, geometry, gradient, or pattern that are anom-
alous or accelerated (Shields et al., 2003). Highly
dynamic streams are considered to be geomorpho-
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logically stable if consistent patterns and rates of
behavior are demonstrated over the medium-long
term (i.e., hundreds or thousands of years). For
example, a stream may experience rapid rates
of lateral migration and bank retreat, but these at-
tributes may be “natural” or “expected” for the
setting.

A practical approach to differentiation of behav-
ior from change must be generic, such thatit canbe
applied to any given type of river in any given set-
ting. [t must also be flexible, enabling relevant geo-
morphic attributes to be appraised for the system
under investigation. For example, river adjust-
mentsin a gorge are quite different to those experi-
enced along an anastomosed alluvial river. From
this premise, analyses of river behavior and change
are framed in terms of the boundary conditions
within which any reach operates. Imposed bound-
ary conditions are determined by the landscape
setting, reflecting the regional geology and topo-
graphy (valley width, slope, and relief). These
considerations, in turn, fashion the volume and
caliber of material that is made available to the
river and the way in which energy is utilized along
river courses. These interactions control the distri-
bution of processes that erode, transport, and de-
posit materials.

The landscape setting determines the potential
range of variability of any reach, which summa-
rizes the range of process activity that is possible
for that setting. Variability in the operation of bio-
physical fluxes enables the river to adopt a range of
morphologic variants. Hence, river form adjusts
within a particular range, influenced by contem-
porary flux boundary conditions and historical
considerations. Collectively, these factors deter-
mine the natural capacity for adjustment of the
river, the bounds of which are set by the potential
range of variability for that setting (Section 5.2). At
any given time, the range of behavior may reflect a
small or large proportion of the potential range of
variability. Hence, any reach could demonstrate a
range of river types within the imposed boundary
conditions. These notions are conceptualized in a
“river evolution diagram” (Section 5.3).

Thenatural capacity for adjustmentis defined as
morphological adjustments of a river in response
to the changing nature of biophysical fluxes that
do not bring about a wholesale change in river
type, such that the system maintains a character-

istic state (i.e., morphology remains relatively
uniform in a reach-averaged sense). In other
words, river adjustments are inevitable as biophys-
ical fluxes are altered in response to modifications
in impelling and/or resisting forces, but the reach-
scale configuration of geomorphic attributes is
maintained. The prevailing set of biophysical
fluxes determines the likelihood that a character-
istic river morphology will be maintained over any
given interval of time. If a reach is subjected to a
significant change in biophysical fluxes or other
boundary conditions, such that a wholesale
shift in the capacity for adjustment of a river
brings about a different set of form-process rela-
tionships, river change is said to have occurred.
Appraisal of what drives the type, pattern, and rate
of river change is considered in terms of environ-
mental change and natural disturbance events in
Chapter 6, and in response to human impacts in
Chapter 7.

Just as there are multiple attributes of river
morphology and incredible diversity in the range
of river character and behavior, as outlined in
Chapter 4, differing morphological attributes are
able to adjust in differing settings (Table 5.1). The
likelihood that adjustments will take place varies
for different types of river. This reflects the degrees
of freedom of the river. Each degree of freedom (bed
character, geomorphic units, channel morphology,
and channel planform) records the ability of a cer-
tain component of the river system to adjust (Hey,
1982; Kondolf and Downs, 1996; Montgomery,
1999). In many instances, forms of adjustment are
mutually inter-related. For example, changes in
channel morphology have adirectimpact on forms
of floodplain adjustment and resultant planform.
Deriving a coherent framework with which to in-
terpret and explain the range of river forms and ad-
justments in any given setting, referred to as the
behavioral regime of a reach, is the primary aim of
this chapter.

Thekey tool thatisused to interpret river behav-
ior in this book is analysis of reach-scale assem-
blages of channel and floodplain geomorphic units.
Distinct assemblages of channel and floodplain
geomorphic units provide key insights into river
character and behavior at the reach scale. They
reflect both contemporary form-process associa-
tions, as flow stage relations produce and rework
differing features, and reach history, as interpreted
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Tables.1 Scales of river adjustment.

Feature Spatial

scale(m)

Nature of adjustment

Timeframe of
adjustment (years)

Bed material 107 '-10*

Adjustmentin grain size and/or distribution, and the associated

10 '-10*

organization and
sedimentary
bedforms

10°-103

Geomorphicunits

Channelgeometry 10°-103

Channelplanform 102-10°

nature and pattern of hydraulic features such asripples,
dunes, particle clusters, etc. This may reflect dissection
and reworking of sand/gravel forms, infilling of pools,
patterns of scour, development of an armor layer, and local
headcuts.

Adjustmentsto the presence/absence, abundance, and
distribution of channeland floodplain forms such as
bartypes, pools, andriffles, levees, backswamps, etc.

Adjustments to the nature, pattern, and/or rate of erosion
and deposition on the channelbed or banks are marked by
modifications to the pattern of instream geomorphic
units, thereby bringing about alterations to channel
capacity, shape, and width : depth ratio. Adjustments
may include:

e Bankerosion that promotes channel migration or
expansion.

e Bench or ledge formation (reflecting channel contraction
and expansion respectively).

e Channels maydegrade, aggrade, widen, shift at both
banks, or shift laterally.

e Altered channel-floodplain relationships, related to
adjustments to channelgeometry.

Adjustments in the ability of the channel(s) to shift position
onthevalley floor. This may be exemplified by alterations
to channel multiplicity, channelalignment (i.e., sinuosity,
meander pattern or wavelength, bend radius of curvature),
lateral stability of channel(s), or floodplain character
(as measured by the assemblage of floodplain
geomorphic units). These modifications are marked
by the presence of active cutoffs, floodchannels, crevasse

10°-102

10°-102

10'-103

splays, sand sheets, avulsion channels, floodplain

stripping, etc.

from patterns of reworking and the nature/
distribution of remnant features, such as ridge and
swale topography, abandoned channels, or ter-
races. While the former issue is a critical concern
in assessment of river behavior (this chapter), the
latter issue guides interpretation of river change
(Chapter 6).

The nature and rate of river adjustments vary at
different spatial and temporal scales (Table 5.1).
Observed patterns of small-scale bedforms are de-
termined primarily by conditions experienced dur-
ing the most recent flow event, almost regardless

of its magnitude, as these transient features are
readily reworked. The resulting surface expression
reflects the waning stage of the last bed deforming
flow. At a coarser scale, geomorphic units are re-
worked and evolve over longer timeframes. In
some instances these features may be destroyed,
but the reach-averaged assemblage of forms re-
mains roughly consistent over time. Viewed in
this way, river behavior equates to adjustments
around a characteristic assemblage of geomorphic
units over timeframes of tens to hundreds of years.
Local redistribution of erosional and depositional
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processes modifies channel geometry, but a reach-
averaged morphology is retained. Similarly, local
adjustments to channel planform may ensue,
noted by alterations to channel multiplicity, bend
migration, occasional cutoff development, modifi-
cations to patterns of floodplain deposition and re-
working, etc. However, in terms of river behavior,
the suite of morphological attributes along a reach
is roughly equivalent over timeframes of tens to
thousands of years. River adjustments at the plan-
form scale alter the distribution and extent of
geomorphic units, but the range of units observed
along the reach remains near-consistent. As such,
the characteristic river structure and function is
retained. For example, localized planform adjust-
ments, such as the formation of a few cutoffs along
a meandering river, do not change river structure
and function at the reach scale, and are considered
to be part of the natural capacity for adjustment.
Channel geometry may be locally modified, but
systematic reach-scale adjustments are unlikely.
Indeed, reach-scale changes to channel geometry
may reflect the condition of the reach, rather
than a fundamental change to the type of river.
Similarly, adjustments to bed material organiza-
tion and bedform-scale features reflect recent flow
events, rather than being indicative of changes to
the behavioral regime of a reach.

By definition, adjustments to broader scale at-
tributes highlighted in Table 5.1 bring about modi-
fications at smaller scales, whether in terms of
their nature/extent, or their pattern/distribution.
Indeed, these adjustments are an integral part of
the behavioral regime of the river, and associated
notions of naturalness. However, if fundamental
shifts in river structure and function at the plan-
form scale mark a discernible alteration to the as-
semblage of geomorphic units, such that a change
occurs to the type/pattern of geomorphic units and
channel geometry, a new river type results. For
example, if a braided river is transformed into a
meandering river, or the sinuosity of a meandering
river is reduced from 2.2 to 1.3 leaving a series of
cutoff channels, adjustments toriver structure and
function are accompanied by changes to the types
of geomorphic units found along the reach and the
resulting channel geometry. These changes are
often accompanied by alteration to channel bed
slope. The resulting arrangement of the river has a
modified balance of erosional and depositional

forms. The altered river structure modifies the
distribution and extent of flow energy at differing
flow stages, resulting in differing proportions of
bedforms and patterns of bed material organiza-
tion. For example, a smoother channel with a
straighter alignment and less roughness may pro-
mote the development of higher energy bedforms
relative to the previous channel geometry.

River behavior is controlled by the balance of
sediment supply and the relative energy that is
available to transport or deposit that material.
This balance is influenced by the tectonic setting
within which a river operates, and the climatic
regime. Tectonic setting is a key control on the
landscape setting (i.e., the relief and slope) and
sediment supply. The climatic regime controls dis-
charge variability and the nature of vegetation
cover. In many instances, river character and
behavior are shaped by antecedent controls or
landscape history, such as inherited (geological)
controls on slope and valley width (topography/re-
lief), or patterns/volumes of sediment stores de-
posited in the past (e.g., reworked glacially derived
materials). Elsewhere, reaches are adjusting to off-
site impacts or lagged responses to disturbance, or
virtually instantaneous responses to a major flood
event. Of key concern in management terms is
determination of situations in which the manner
and rate of behavioral attributes that shape river
morphology are “expected” given the particular
setting.

River behavior adjusts to any factor that changes
the boundary conditions under which rivers oper-
ate. Landscape forming events may be recurrent
and sustained (e.g., in monsoonal climates) or ir-
regular, chaotic, and unpredictable (e.g., in arid set-
tings). If a system is close to a threshold condition,
seemingly small perturbations may provoke pro-
found responses. Elsewhere, negligible responses
to disturbance events may reflect inbuilt re-
silience of the system. Patterns and rates of chan-
nel adjustment vary in different environmental
settings. For example, channels in sparsely vege-
tated semiarid catchments are relatively unstable,
not prone to display characteristic forms, are like-
ly to be subjected to significant adjustment during
extreme floods. As such, there is considerable vari-
ability in the certainty with which patterns and
rates of morphological adjustments can be pre-
dicted in differing settings.
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The approach to river analysis adopted in this
book merges top-down thinking, framed in terms
of within-catchment position and landscape set-
ting, with bottom-up thinking, framed primarily
as a constructivist approach to analysis of rivers
that operates at the geomorphic unit scale
(Brierley, 1996). Three scales of reference are con-
sidered in this chapter, building on equivalent dis-
cussion in Chapter 4. Analysis of river dynamics
commences with appraisal of bedform-scale ad-
justments in response to textural and flow energy
relationships over timescales of 107'-10! years
(Section 5.4). This is followed by analysis of chan-
nel shape, as interpreted by lateral and vertical ad-
justments along the banks and bed respectively
(Section 5.5). Packages of instream geomorphic
units provide critical insights into channel behav-
iorover timescales of 10°-102years (Section 5.6).In
general terms, these forms vary along an energy
gradient reflecting reach slope (i.e., available ener-
gy) and valley confinement (which determines the
capacity of the channel to adjust its position and
geometry). Broader reach-scale attributes of river
behavior are outlined in Section 5.7, where adjust-
ments at the planform scale are presented. This
highlights the myriad of ways in which some chan-
nels are able to adjust across (or along) the valley
floor over timeframes of 10'-10° years. Analysis of
floodplain geomorphic units highlights how valley
confinement induces differing capacity for ad-
justment and associated diversity of floodplain
types in confined, partly-confined, and laterally-
unconfined settings. Scales of river adjustment,
and the unifying theme offered by analysis of geo-
morphic units across the spectrum of river types,
are discussed in Section 5.8. Findings from this
chapter are summarized in Section 5.9.

5.2 Ways in which rivers can adjust: The natural
capacity for adjustment

The diversity of boundary conditions under which
rivers operate, along with the continuum of flow,
sediment caliber, slope, and vegetation associa-
tions, ensure that there is considerable variability
in what attributes of river morphology are able to
adjust and how readily adjustments can occur for
different types of river (Table 5.1). In this book, this
is referred to as the natural capacity for adjust-

ment. Reaches in different valley settings are able
to adjust their morphology in quite different ways
(Table 5.2). Rivers that have a significant natural
capacity for adjustment can readily modify their
bed character, channel morphology, geomorphic
unit assemblage, and channel planform. These
systems are able to respond quickly to relatively
small triggering events, and are considered to be
sensitive to adjustment. For example, laterally-
unconfined rivers have significant capacity to re-
work and mold sediments stored on the valley
floor (e.g., sand-bed alluvial rivers). Rivers with
limited natural capacity for adjustment may not
elicit a morphologic response to a perturbation.
Reaches that are able to absorb the impacts of dis-
turbance events are considered to be resilient to
adjustment. For example, rivers in confined valley-
settings have limited capacity to adjust their bed
character, channel morphology, and planform
given their imposed bedrock character. Thus, a re-
silient river would adjust only slightly in response
toadisturbance event that would cause significant
displacement in a sensitive system (Kelly and
Harwell, 1990). Assessment of the natural capaci-
ty for adjustment, framed in terms of the inherent
character and behavior of a given type of river, pro-
vides a basis to predict the likelihood that differing
forms of adjustment will occur. Identification of
landforms or landscapes that are sensitive to
change, and insights into the proximity to thresh-
old conditions at which change is likely to occur,
are important considerations in the design and
implementation of preventative conservation
programs and appropriate treatment strategies
(Schumm, 1991).

Stark differences in the nature and extent of
possible adjustments may be demonstrated by
different types of river in differing valley settings,
as shown schematically in Figure 5.1. In this dia-
gram, the various arrows portray the degree to
which lateral, vertical, and wholesale adjustments
to bed character, channel morphology, and chan-
nel planform are likely to occur. Vertical adjust-
ment records the likelihood that the channel bed
will incise or aggrade, while lateral adjustment
reflects the ability of the channel banks to adjust
(i.e., via lateral migration, channel expansion, or
contraction). Combinations of these adjustments
are marked by modifications to the assemblage of
instream geomorphic units (i.e., midchannel and



Tables.2 Thenatural capacity for adjustment of rivers in different valley settings.

Valley setting Bed character Channelmorphology Channelplanform Natural capacity
foradjustment
(band width)
andriver
sensitivity

Confined Grain size, sorting, and Channelsize, shape, and bank No potential to adjust the number Limited
hydraulic diversity are morphology are imposed by of channels, sinuosity, or lateral (narrow band)
constrained by bedrock, bedrockorancient materials. Bank stability. Geomorphic units are Resilient
restricting adjustments to erosionis negligible. Local slope largelyimposed forms. Riparian
local reworking of transient and forcing elements such as vegetation is nota significant
bedload fluxes. woody debrisinduce the pattern of controlon geomorphic structure.

geomorphic units, such asthe
spacing of step—poolsequences.

Partly-confined Bed often constrained by Channelwidth and shape are Local potentialfor lateralor Localized
bedrock. Gravel-bed rivers adjustable where floodplain downstream translation of (relatively
have well-segregated point pockets occur; otherwise they bends, but largely constrained narrow band)
bars, riffles, etc. thatinduce are constrained by bedrock or by bedrock. Floodplain Moderately
significant hydraulic ancient materials along the pockets may be prone to scour, resilient
diversity. Surface—subsurface valley margins. Bank erosion is stripping, and reformation.
texturalvariability may be restricted to areas where Adjustments are restricted to
significant. Bed adjustments floodplain pockets occur. areas where floodplain pockets
are dependent on material Instream geomorphic units occur.
availability and the history of adjust locally where space
bedload transporting events. permits.

Laterally- Channelsize and shape can Moderately

unconfined, adjust laterally and vertically significant

high-energy with over thevalley floor. Moderate (moderately

continuous potential for bank erosion. wide band)

channel(s) Largely bedload dominated Moderately
geomorphic units. sensitive

gt
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Laterally- Significant
unconfined, (widest band)
medium-energy Very sensitive
with continuous
channel(s)
Laterally- Limited hydraulic diversity The capacity for channel size Moderate potential for Localized
unconfined, low- with little potential to adjust and shape to adjust laterally and adjustment to the number, (relatively
energy with given the cohesive sediments. vertically is constrained by sinuosity, and lateral stability narrow band)
continuous cohesive banks along these of channels. Floodplains are Moderately
channel(s) suspended load systems. Little dominated by fine-grained resilient
variability in geomorphic unit verticalaccretion deposits.
assemblage given the lack of Localized reworking occurs,
bedload material. largely by avulsion. Little
variability in floodplain
geomorphic units.
Laterally- Limited variability as a thin Imposed bed condition. Highlyvariable, dependent Localized
unconfined, low- veneer of bedload materials Potential for bank erosion and upon planform type. (relatively
energy with adjusts over the bedrock adjustments to channel Suspended load systems are narrow band)
bedrock-based channel bed. geometry are dependent upon prone to avulsion, but have Moderately
continuous floodplain composition and limited capacity to modify the resilient.
channel(s) channelalignment. Suspended array of geomorphic units
load systems have limited given their limited bedload.
capacity to adjust their form.
Laterally- Valley floor texture Channels absentordiscontinuous. Relatively simple geomorphic Limited
unconfined, low- dependent on sediment Vegetation can induce significant structure with little potential for (relatively
energy with supply. Hydraulic diversity is resistance. adjustment. However, headcuts narrow band)
discontinuous low. Potential for sediment may impose dramatic adjustments Moderately
channels lobe deposition in swamps to river morphology. resilient (in this
and floodouts. state), butvery
sensitive if
subjectedto
incision.

Limited adjustment potential (resilient)

Localized adjustment potential (moderately resilient)

_ Significantadjustment potential (sensitive)
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bank-attached features). In some instances, whole-
sale shift in channel position on the valley floor
(e.g., via avulsion, thalweg shift, or cutoff forma-
tion) may alter channel planform and the assem-
blage of floodplain geomorphic units.

Gorges are found in confined valley settings
(Table 5.2). Channel configuration in a gorge is os-
tensibly stable, with no potential for lateral adjust-
ment. Vertical adjustment is restricted to local
redistribution of materials around coarse substrate
(Figure 5.1a). The geomorphic unit structure of the
bed reflects the geomorphic effectiveness of infre-
quent high magnitude flood events. These may be
the only events that are able to mobilize coarse bed
materials. Extreme floods may sculpt erosional
geomorphic units. The natural capacity for adjust-
ment is limited.

Along a partly-confined valley with bedrock-
controlled discontinuous floodplains, vertical
adjustment is limited as bed level stability is im-
posed by the bedrock valley floor (Figure 5.1b;
Table 5.2). The channel bed comprises a mix of ero-
sional geomorphic units (e.g., bedrock pools) and
depositional forms (e.g., gravel riffles and point
bars). Lateral adjustment via channel expansion is
restricted to areas adjacent to floodplain pockets.
Local channel expansion and contraction may re-
sult in a range of bank-attached geomorphic units,
such as gravel point bars, benches, or ledges. There
is limited capacity for wholesale adjustment to
channel planform, but channels may rework flood-
plain pockets as flow short-circuits bends within
these partly-confined valley settings. This river is
considered to have localized capacity for adjust-
ment. Adjustments may be restricted to a single
pocket for any given event or series of events.

Transfer reaches that are characterized by
laterally-unconfined, bedrock-based channels are
able to adjust laterally, but have limited capacity
forvertical adjustment (see Table 5.2). In the exam-
ple shown in Figure 5.1¢, a low sinuosity bedrock-
based river is unable to incise its bed. Bedload
materials are limited in this suspended load sys-
tem, so the potential for bed aggradation is small.
Cohesive banks resist bank erosion, inhibiting the
capacity for adjustments to channel geometry and
channel alignment.

Braided rivers are laterally-unconfined, high-
energy systems (Table 5.2). These rivers have sig-
nificant natural capacity for adjustment in both

vertical and lateral dimensions (Figure 5.1d). They
are also prone to wholesale adjustment via thalweg
shift, as channels switch position over the valley
floor, leaving behind abandoned braid plains,
paleochannels, and islands. Given the highly
sediment-charged nature of these aggradational
environments, significant variability may be evi-
dent in the assemblage of instream geomorphic
units, including a wide range of midchannel bars
andislands. Each channel has significant potential
toindependently adjust via expansion and contrac-
tion processes.

Sand-bed meandering rivers in laterally-
unconfined, medium-energy settings can adjust in
both vertical and lateral dimensions and may be
prone to wholesale adjustment (see Table 5.2;
Figure 5.1e). Stacked point bar sequences reflect
lateral migration processes. A point bar—pool-
riffle morphology tends to be maintained along the
channel. Lateral migration may result in ridge and
swale development on the floodplain. Cutoff for-
mation, abandonment of meander bends, or chan-
nel avulsion may result in wholesale adjustment
in channel position on the valley floor. Hence, this
type of river has significant capacity to adjust.

Anastomosing rivers are found in laterally-
unconfined, low-energy settings (Table 5.2).
Although these rivers are able to adjust in both ver-
tical and lateral dimensions, and may be subjected
to wholesale shifts in channel position on the val-
ley floor, rates of adjustment are slow because of
their suspended-load nature (Figure 5.1f). Vertical
adjustment occurs as channel belts build within
wide plains. Instream geomorphic units tend to be
limited to pools and runs because of the limited
availability of bedload caliber materials. Lateral
expansion, contraction, or migration of channels is
limited by the cohesive nature of the banks and the
low-energy conditions under which this type of
river operates. Hence, these rivers are considered
to be moderately resilient to adjustment. On occa-
sions, channel avulsion may bring about whole-
sale adjustment in channel position on the valley
floor. Paleochannels are abandoned and subse-
quently infill.

Cut-and-fill rivers are found in laterally-
unconfined, low-energy settings, typically in
uplands. Channels may be continuous or discon-
tinuous, dependent on the stage of adjustment
(Table 5.2). The fill stage represents the phase of
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Figure5.1 The natural capacity for adjustment of rivers in different valley settings
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Different types of river have different capacities to adjust, whether vertically, laterally, or through wholesale shifts in
channel position. The primary form of adjustment, and the timeframe over which adjustments take place, vary for
different types of river. In general terms, as valley confinement is reduced, the ease of adjustment increases. Bedrock
confinement constrains the capacity for adjustment in many settings (examples a—c). In laterally-unconfined settings,
the ease of adjustment decreases from bedload (example d), through mixed load (example ¢), to suspended load
(example f) situations. In example g, the capacity for adjustment varies markedly at the fill and cut phases of

discontinuous watercourses.
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adjustment when the channel is either absent or
discontinuous on the valley floor (Figure 5.1g).
Over timeframes of hundreds or thousands of years
these valley floors are subjected to slow, pulsed,
yet progressive aggradation. During this fill phase,
thereis limited capacity for adjustment. Should an
erosional threshold condition be exceeded, this
river has significant capacity to adjust both verti-
cally and laterally (initially channel expansion,
but subsequently contraction). Eventually, the
system reverts to infilling the incised channel via
aggradation.

5.3 Construction of the river evolution diagram

A conceptual tool called the river evolution dia-
gram is presented here as a basis to interpret the
range of river character and behavior in different
landscape settings. Application of this tool
provides an understanding of the type and extent
of adjustments that are expected, or should be
considered to be appropriate, for the given type
of river. These insights into system dynamics en-
able management activities to be framed in terms
of the “natural” behavioral regime of a given river
type.

There are three core components to the river
evolution diagram, namely the potential range of
variability, the natural capacity for adjustment,
and the pathway of adjustment (Figure 5.2).
Components of the diagram are defined in Table
5.3. A five step procedure is applied to construct a
river evolution diagram (Figure 5.3). Various exam-
ples that summarize the range of river character
and behavior in different valley settings are pre-
sented in Figure 5.4.

5.3.1 Step One: Imposed boundary conditions
and the potential range of variability

In Step One (Figure 5.3), imposed boundary condi-
tions are appraised in terms of valley setting, slope,
and lithology at a particular position in the catch-
ment (Figure 5.2). Over geomorphic timeframes,
these conditions are effectively set. These consid-
erations determine the energy conditions under
which rivers operate, as determined by upstream
catchment area, slope, valley confinement, and
sediment caliber. Geological setting influences

A disturbance events
( imposed boundary conditions

W

A

i ) outer band
inner band (natural | (potential
capacity for range of
adjustment) variability)

flux boundary conditions

Specific stream power (Wm'z)
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contemporary river behavior
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Figures5.2 Components of the river evolution diagram
In this conceptual framework that examines how rivers
adjust over time, energy settings are determined by
imposed boundary conditions (outer band), and
prevailing flux boundary conditions (i.e., flow and
sediment regimes; inner band). When subjected to
differing forms of disturbance events, the river adopts a
pathway of adjustment (the jagged line within the inner
band). This records the pattern and rate of
morphological variability that is characteristic for that
type of river (see text). If changes to flux boundary
conditions are experienced, a change in river type may
occur. This is marked by a shift in the position of the
inner band (upwards to a higher energy state and vice
versa).

landscape relief and the range of material tex-
tures that are available to the river (i.e., whether
it is bedrock, boulder, gravel, sand, or mud-
dominated). Areas of mixed lithology typically
make a range of particle sizes available (hence a
wide outer band), while areas of more uniform
lithology (e.g., sandstone) have a more restrictive
range (i.e., arelatively narrow outer band).

The potential range of variability defines the
range of river types that can potentially form with-
in the imposed boundary conditions. The range of
formative stream powers and resulting range of
river morphologies determine the width of the
outer band of the river evolution diagram. This re-
flects the maximum range of formative energy
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Step One: Determine the imposed boundary conditions to assess the potential range f
variability of the reach (width and energ level of outer band)

U

Step Two: Assess the flux boundary conditions under which the river operates to
determine the natural capacity for adjustment of the river type (width of the inner
band)

U

Step Three: Position the contemporary river type within the imposed boundary
conditions in terms of the range of energy conditions

U

’ Step Four: Determine the pathway of adjustment of the river type ‘

Step Five: Determine the contemporary behavior of the river ‘

Table5.3 Definition of components of the river evolution diagram.

Component

Definition

Specific stream power

Time
Outerband

Innerband

Pathway of adjustment

Disturbance event

Contemporaryriver
behavior

Stream power provides a summary of the capability of energy to perform geomorphic work along a
river. Total stream power is calculated as the product of discharge acting in any given cross-section
multiplied by channelslope. When calculated as the energy acting on a given area, itis referred to as
unit stream power. The latter term is used in the river evolution diagram, as it conveys the mutual
interactions between available energy and the manner of river adjustment at any given site. It is
represented on the y-axis using a logarithmic scale. Geomorphic work reflects the ability of a flow to
induce adjustmentin bed character, channelmorphology, the assemblage of geomorphic units,
and channel planform, without inducing change for a particularriver type.

Represented on the x-axis of the river evolution diagram using a linear scale. Defines the timeframe
overwhich the full suite of behavior occurs fora particular river type.

Reflects the potential range of variability in the types of rivers that can form under a certain set of
imposed boundary conditions (i.e., valley-setting, slope, and lithology).

Reflects the natural capacity for adjustment for a particular river type which represents the degree to
whichvertical, lateral, and wholesale change can occurforarivertype. The width of the innerband is
defined by the flux boundary conditions, i.e., the range of flow and sediment fluxes and vegetation
dynamics that dictate the potential extent of adjustment in the assemblage of geomorphic units,
channel planform, channel morphology, and bed character of the river type.

Defined by the frequency and amplitude of system responses to disturbance events. The shape of the
pathway reflects the variability in the trajectory and timeframe of recovery in response to
disturbance events. This records the behavioral regime of a river. In some instances, rivers may
adjustamong multiple states.

Formative events thatinduce geomorphic adjustments to ariver type. The size of the arrows represents
therelative magnitude of the event thatinduced adjustment.

Adjustments that take place under contemporary flux boundary conditions while maintaining the
rivertype.

conditions under which a range of river types oper- among variants of river settings (i.e., the y axis of
ate for that specific landscape setting at that posi- the river evolution diagram) as it reflects both the
tion in the catchment. amount of energy that is available to be utilized

Stream power is considered to provide the most in any given setting (total stream power) and it

appropriate measure with which to differentiate refers to the manner with which energy is used, as
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Figures.4 Schematic examples of the river evolution diagram in differing valley settings

Stream power estimates are derived from available literature: (a) confined valley setting (based on Costa and
O’Connor, 1995), (b) partly-confined valley setting (based on Nanson and Croke, 1992; Miller, 1995; Ferguson and
Brierley, 1999a, b), (c) laterally-unconfined valley setting (based on Nanson and Croke, 1992). See text for details.
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determined by channel capacity (and active chan-
nel width; specific or unit stream power). Ad-
justments to channel geometry modify the use of
energy, thereby altering the position of differing
river settings (and associated channel configura-
tions) on the river evolution diagram. It is recog-
nized explicitly that adjustments in other external
variables may alter the width of the inner band,
or its position within the potential range of vari-
ability. For example, an influx of sediment may
alter various attributes of river morphology, in-
cluding channel capacity, thereby modifying form-
ative unit stream power conditions. These mutual
adjustments accentuate the underlying role of
stream power as the most appropriate single deter-
minant of river character and behavior.

Examples of river evolution diagrams for
rivers in differing valley settings are portrayed in
Figure 5.4. A broad valley, with a relatively steep
slope in a granitic catchment has a wide band,
as the valley setting is laterally-unconfined, there
is considerable range in the energy conditions
under which the river operates, and materials of
differing caliber are available to be moved (Figure
5.4c). As such, a wide range of river morphologies
and associated process domains may be adopted in
this setting. A partly-confined valley with a lower
slope within a metasedimentary catchment will
have a narrower band, as moderate energy condi-
tions, valley confinement (i.e., less space to ad-
just), and the mixed texture of the sediment load
produce a restricted range of river morphologies
(Figure 5.4b). These situations contrast signifi-
cantly with, say, a narrow, steep valley in a vol-
canic terrain, which is represented by a narrow
band, as the confined valley setting and the uni-
form sediment load impose particular river mor-
phologies under a narrow range of high-energy
conditions (Figure 5.4a). The position of different
rivers within the imposed boundary conditions on
Figure 5.4 reflects an energy gradient from high-
energy variants (on the left) to low-energy variants
(on the right).

5.3.2 Step Two: Flux boundary conditions
and the natural capacity for adjustment

The width of the inner band represents the con-
temporary range of flux boundary conditions
within which the reach operates (Figure 5.2).

Combinations of these factors, operating within
the imposed boundary conditions, determine the
range of river types and behavioral states that
could be observed in that setting. The prevailing
flux boundary conditions may be quite different
to those experienced in the past. Hence, different
types of river with differing character and behav-
ioral regime may be observed within the same set
of imposed boundary conditions.

The characteristic form for a given river type is
not a static configuration or structure; rather, it re-
flects an array of potential adjustments among the
assemblage of geomorphic units, channel geome-
try, channel planform, and bed material organiza-
tion as determined by the contemporary range of
flow, sediment, and vegetation conditions. These
considerations determine the natural capacity
for adjustment, as shown by the width of the inner
band on the river evolution diagram (Figure 5.2).
The potential extent of adjustments is measured
in terms of the range of formative unit stream
powers that induce adjustments to various attrib-
utes of river morphology, without resulting in
river change. Rivers with significant natural ca-
pacity to adjust have wide inner bands. Those with
limited natural capacity to adjust have narrow
inner bands.

In appraisals of river behavior outlined in this
chapter, the river evolution diagram is framed in
terms of contemporary flux boundary conditions
viewed over timeframes in which a characteristic
set of form-process associations has become estab-
lished along the reach, such that a particular type
of riveris evident. This timeframe varies markedly
from setting to setting and for different types of
river. For some river types, the “natural” behav-
ioral regime may comprise differing states. In
these instances, transitions between states in re-
sponse to breaching of internal (intrinsic) thresh-
old conditions are considered to be part of the
natural capacity for adjustment for that type of
river. Examples include cut-and-fill rivers, partly-
confined valleys prone to floodplain stripping, me-
andering rivers that adjust their slope following
generation of cutoffs, or various types of river sub-
jected to avulsion or changes in channel multiplic-
ity. In general terms, the width of the inner band
that conveys possible states varies with the ease of
adjustment of the river. Sensitive rivers have wider
bands than resilient rivers, reflecting the inherent
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range in the degrees of freedom within which
rivers operate.

As each reach adjusts to disturbance events, the
nature and extent of response may vary markedly.
In terms of the behavioral regime of a river, the
type and extent of adjustment do NOT resultin the
adoption of a different river character and be-
havior. This latter circumstance describes river
change, as discussed in Chapter 6. In a sense, the
prevailing flux boundary conditions determine the
type of river that is observed today, and its natural
capacity for adjustment. The natural capacity for
adjustment determines the range of behavior that
any particular type of river may experience, while
the potential range of variability determines the
range of types of river that may be found in any
given landscape setting (i.e., within its imposed
boundary conditions), thereby providing a meas-
ure of the possible states that the river could adopt
if change occurred.

In this book, a natural river is defined as one that
dynamically adjusts so that its geomorphic struc-
ture and function operate within a range of vari-
ability that is appropriate for the type of river, and
the range of flux boundary conditions under which
that river type operates. Natural or expected river
character and behavior is viewed in terms of the
range of processes and associated forms that occur
within the bounds determined by the inner band
on the river evolution diagram (Figure 5.2). This
natural stateis considered in the absence of human
disturbance.

The natural capacity for adjustment varies
markedly for differing types of river, over differing
timeframes, reflecting a combination of factors,
such as:

1 The variability of sediment mix at any given
point along a river. This may reflect local con-
siderations that determine the relative balance of,
say, gravel, sand and finer particles, or the influx of
materials from upstream.

2 The flow regime. Some rivers are adjusted to
relatively uniform flow conditions in which mean
annual floods are the primary determinant of river
form. In these situations, the inner band is rela-
tively narrow. However, if the system is adjusted
to significant flow variability, the inner band is
likely to be wider.

3 Riparian vegetation and woody debris. These
components of flow resistance vary markedly

from setting to setting, potentially exerting a sig-
nificant influence on the natural capacity for ad-
justment of certain types of rivers.

4 System history. In some instances, longer-
term climate-induced changes to the nature and
pattern of sedimentation on the valley floor may
impose constraints on contemporary system be-
havior (e.g., gravel terraces or fine grained cohesive
banks that line river courses), thereby imposing
a narrow band to the natural capacity for
adjustment.

5.3.3 Step Three: Placing rivers within the
potential range of variability

Step Three in construction of the river evolution
diagram entails positioning of the river within the
potential range of variability, based on its prevail-
ing energy conditions (Figure 5.2). If the contem-
porary river operates under relatively high-energy
conditions, the inner band is situated high in
the potential range of variability (Figure 5.4).
Alternatively, if contemporary energy levels are
low (relative to the range of conditions that can be
experienced under the imposed boundary condi-
tions), the inner band is placed towards the bottom
of its potential range of variability. The width of
the inner band reflects the range of energy condi-
tions experienced under prevailing flux boundary
conditions. Its placement within the outer band
reflects the relative extent of those energy con-
ditions (i.e., whether the inner band is positioned
high or low within the outer band).

5.3.4 Stage Four: The pathway of adjustment

In assessing the types and extent of adjustment
that define the range of expected character and
behavior of a given river type, responses to differ-
ing forms of disturbance must be appraised.
Collectively, these adjustments define the path-
way of adjustment on the river evolution diagram
(Figure 5.2). The behavioral regime of any given
type of river, as defined by the natural capacity for
adjustment, encompasses ongoing adjustments to
alterations in flux boundary conditions. Reaches
may operate at different positions within theirnat-
ural capacity for adjustment as pulse disturbance
events of differing magnitude and frequency alter
water and sediment regimes and vegetation associ-
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ations (Chapter 3). If a press disturbance breaches
threshold conditions, positive feedback mecha-
nisms may drive the system to a different state,
possibly inducing a change in river type (Chapter
6). These considerations determine the pathway of
adjustment of a reach, as marked by modifications
to the arrangement and abundance of geomorphic
units, adjustments to the organization of material
on the channel bed, and local alterations to chan-
nel planform. Within the inner band of the river
evolution diagram, system responses to distur-
bance events may be indicated by oscillation
around a characteristic form, or adjustments
among various characteristic forms.

The form of the pathway of adjustment sum-
marizes system response to disturbance events,
indicating how any given river type is able to ac-
commodate adjustments to flow and sediment
transfer conditions. In essence, the pathway of ad-
justment integrates all components of adjustment,
describing the morphologic and behavioral adjust-
ments to ongoing variability in the nature, extent,
and sequence of disturbance events on the one
hand (i.e., impelling forces), and the capacity of the
system to absorb change on the other (i.e., the ef-
fectiveness of response mechanisms as condi-
tioned by resisting forces along the reach).

As noted in Table 5.2, river responses to distur-
bance events reflect reach sensitivity, measured
here as the ease with which the river is able to ad-
just its form. This provides a measure of the capac-
ity of the system to accommodate the impacts of
disturbance events via mutual adjustments, such
that the river is able to sustain a characteristic
form. The behavioral regime of certain river types
may entail fluctuation among various states,
reflecting breaching of intrinsic thresholds.
Disturbance events are indicated schematically on
the river evolution diagram by arrows on the edge
of the inner band (Figures 5.2 and 5.4). The frequen-
cy and sequence of disturbance events are con-
veyed by the spacing of arrows, while the size of
the arrow indicates the relative magnitude of the
event.

The form of the pathway of adjustment is de-
fined by its amplitude, frequency, and shape
(Figure 5.5a). Amplitude reflects the extent of
adjustment in response to a disturbance event.
Frequency reflects the recurrence with which
disturbance events drive geomorphic adjustments.

The shape of the pathway of adjustment
reflects the trajectory of response to disturbance
events. Variants include progressive adjustments
in a particular direction, oscillations around
amean condition, or jumps between characteristic
states. The spacing of disturbance events that
drive adjustment varies in differing settings,
influencing the river type and its sensitivity to ad-
justment. In behavioral terms, however, the col-
lective response to disturbance events does not
drive the system outside its natural capacity for
adjustment.

The pathway of adjustment summarizes system
responses to sequences of disturbance events of
varying magnitude and frequency. Examples of dif-
fering forms and timeframes of system recovery
that determine the shape of the pathway of adjust-
ment are shown in Figure 5.5. The type and time-
frame of response depend partly on whether the
disturbance induces adjustments that reinforce
or counteract existing tendencies. Recovery time
may be highly variable, reflecting the condition of
the system at the time of the impact, as influenced
by the recent history of events, among many con-
siderations. Disturbance responses may be instan-
taneous or delayed (i.e., lagged responses). Their
consequences may be short-lived or long-lasting.
Combinations of disturbance responses, and the
resulting shape of the pathway of adjustment, can
be simple (temporally uniform) or complex (tem-
porally variable).

If the geomorphic response is damped out, and
the previous state is restored after a short recovery
time, the pathway of adjustment has ajagged shape
reflecting minor adjustments away from a charac-
teristic form. This form of adjustment is exempli-
fied by cutoff formation along a meandering river
(Figure 5.5bA). Elsewhere, progressive adjust-
ments may promote shifts to an alternative char-
acteristic form, with an altered nature and/or level
of activity, but adjustments remain within the nat-
ural capacity for adjustment for that river type. In
this case, steps along the pathway of adjustment
record shifts among multiple characteristic states.
Intervening flatter areas record minor modifica-
tions around one of these states. These types of
rivers are prone to cyclical patterns of threshold-
induced adjustments, such as avulsion (Figure
5.5bB), incision, and aggradation (Figure 5.5bC),
and floodplain stripping (Figure 5.5bD). Reaches
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Because different rivers adjust in
different ways, significant
variability is evident in the form and
rate of adjustment that may be
experienced. These notions are
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that are prone to abrupt adjustments also have a
cyclic pattern of adjustment with short recovery
times. However, this pathway reflects recurrent
(tight) oscillations around a characteristic form,
as exemplified by thalweg shift in a braided
river (Figure 5.5bE) or redistribution of bedload
material around coarse substrate in a gorge
(Figure 5.5bF).

Building on the examples used to demonstrate
the potential range of variability in Section 5.2,
various schematic applications of the river evolu-
tion diagram are presented in Figure 5.6. The natu-
ral capacity for adjustment for a gorge is relatively
narrow, as adjustments maintain a uniform state
over timeframes up to 10° years (Figure 5.6a).
These deeply etched bedrock rivers are resistant to
change, and demonstrate very short periods of dis-
turbance response, such that adjustments are bare-

are discussed more fully in the text.

ly discernible over the short to medium term (< 102
years). As the river has limited capacity to adjust,
it is characterized by a low amplitude, high
frequency pathway of adjustment within a narrow
inner band.

Rivers in partly-confined valley settings may
be prone to floodplain stripping (Figure 5.6b).
Although this type of river has relatively limited
capacity for adjustment, and is considered to be
resilient to change, it demonstrates stepped
adjustments over timeframes of 10°-10* years.
Such adjustments include channel expansion,
floodplain building, and floodplain reworking via
floodplain stripping (see Nanson, 1986). Thisis in-
duced by the breaching of an energy threshold
within the partly-confined valley. The pathway of
adjustment reflects different phases of response to
disturbance events, as the river adjusts between
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phases of progressive floodplain aggradation and
short periods of catastrophic erosion. During the
aggradation phase, disturbance events tend to have
a lower amplitude and lower frequency as periods
of floodplain inundation decrease. Eventually, cat-
astrophic events bring about floodplain stripping
during a short phase of adjustment that is charac-
terized by high amplitude, moderate frequency re-
sponses to disturbance.

Bedrock-based laterally-unconfined rivers tend
to act as transfer reaches, sustaining an approxi-
mate balance between sediment input and output
with a relatively thin veneer of deposits over the
valley floor (e.g., Heritage et al., 2001). On the river
evolution diagram, a low sinuosity variant of this
river with cohesive banks is characterized by low
amplitude, low frequency adjustments over time-
frames of 102-103 years (Figure 5.6c). The river
oscillates around a relatively stable form and
configuration.

Braided rivers have a significant capacity to ad-
just, with a wide inner band (Figure 5.6d). Frequent
disturbance events induce recurrent reworking
of bedload material via thalweg shift, flow stage
adjustment, and local adjustments to bed level
over timeframes of 10°-10" years (e.g., Williams
and Rust, 1969). The pathway of adjustment is
characterized by low amplitude, high frequency
responses to disturbance with short recovery
times.

A meandering sand bed river in a laterally-
unconfined valley setting has a wide natural capac-
ity for adjustment (Figure 5.6e). These sensitive
reaches have significant capacity to adjust both
vertically and laterally. Progressive channel mi-
gration builds the meander belt over time (e.g.,
Brooks and Brierley, 2002). As sinuosity increases,
the energy of the system decreases. Cutoff chan-
nels may induce phases of disturbance response as
the channel readjusts its slope to the reduced sinu-
osity, typically over timeframes of 10'-10? years.
The river is then subjected to progressive adjust-
ments as the characteristic meandering form is
maintained. Over longer timeframes, meandering
sand-bed rivers may be prone to avulsion, as they
adjust their course beyond the meander belt and
sediments accumulate elsewhere on the valley
floor. Following avulsion, the river reestablishes
its meander belt via lateral migration and vertical
accretion. Hence, this type of river is characterized
by a stepped pathway of adjustment, with a wide

range of disturbance responses of varying ampli-
tude and frequency.

Low energy alluvial rivers tend to be moderately
resilient to adjustment. Although these rivers
have a wide natural capacity for adjustment that
includes modifications to channel morphology
and shifts in channel position on the valley floor,
cohesive channel boundaries induce progressive
rather than dramatic adjustments. In the anasto-
mosing example presented here, the pathway of
adjustment is characterized by disturbance re-
sponses with high amplitude but low frequency, as
occasional avulsion events alter channel multi-
plicity (e.g., Nanson et al., 1988; Figure 5.6f).

Cut-and-fill rivers show significant natural ca-
pacity for adjustment, as they oscillate between
two characteristic states (e.g., Cooke and Reeves,
1976; Figure 5.6g). During the aggradation phase,
discontinuous channels are quite resilient to ad-
justment. Eventually, however, exceedance of a
threshold condition may promote dramatic inci-
sion and formation of a continuous channel.
During the incision phase, the system responds
more dramatically to disturbance events, as the
energy and sensitivity of the system are enhanced.
Over time, the channel infills, producing an intact
valley floor once more. Typically, cut-and-fill
cycles occur over timeframes of 102-10% years.
Responses to disturbance events vary during these
different phases, with low amplitude and low fre-
quency responses during the fill stage, but high
amplitude and high frequency responses during
the cut stage.

5.3.5 Step Five: Contemporary river behavior

The final component in construction of the river
evolution diagram, Step Five, entails determina-
tion of the contemporary behavior of the river (see
Figure 5.2). The contemporary river can sit any-
where on the pathway of adjustment for the river
type. Appraisal of river behavior is based on how
the river adjusts its form to contemporary flux
boundary conditions. In some instances, former
flow and sediment conditions may impose con-
straints on the contemporary range of river charac-
ter and behavior. For example, it may take the
system a considerable period of time to adjust to a
major flood event that mobilized the coarsest bed-
load fraction if more frequent, lower magnitude
events are unable to do so.
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At any point in time, a river can operate any-
where within its natural capacity for adjustment.
Aseachrivertypehasadistinct set of form—process
associations, its character and behavior adjust to a
given set of disturbance events within a certain
range of responses. Ongoing interactions form and
rework geomorphic units. The operation of flow
and sediment fluxes and prevailing vegetation con-
ditions shape the present character and behavior of
theriver. Assessment of river behavioris framed in
terms of the period of time over which flux bound-
ary conditions have remained relatively uniform
such that a characteristic river form results, with a
particular assemblage of geomorphic units, bed
material organization, and channel planform.

In the sections that follow, adjustments to dis-
turbance events are appraised using the scalar ap-
proach outlined in Chapter 4.

5.4 Bed mobility and bedform development

In bedload or mixed load systems, changes to flow
depth and associated energy conditions induce
bedform adjustments, redistributing materials
over the channel bed. Capacity for adjustment is
high, as bedforms are modified on an event by
event basis. Oscillations in bed configuration
record variations in sediment flux resulting from
adjustments to flow geometry, the distribution of
flow energy across the channel bed, and the avail-
ability and caliber of sediment (see Chapter 4).
High flow regime forms generated during the ris-
ing stage of flow events are reworked and replaced
by low flow regime forms during the waning stage.
Alternatively, dependent upon sediment availabil-
ity, the bed may be scoured at high discharges on
the rising stage and filled to approximately the
preflood level on the falling stage. Considerable
spatial variation may be noted in this process.
Through theirrole as a determinant of instream re-
sistance, bedform adjustments modify hydraulic
variables such as velocity and depth, thereby influ-
encing the local sediment transport rate. Channel
geometry and flow alignment exert a significant
influence on these relationships. Hence, if channel
geometry and the character/pattern of geomorphic
units are altered, changes to flow depth and the dis-
tribution of flow energy modify the nature and pat-
tern of bedforms and associated bed material
organization.

Sand-bed systems are especially prone to adjust-
ment, given the ease of mobility of bed material,
while gravel-bed and coarser fractions require
higher energy (less-frequent) flows to initiate mo-
tion, especially if the bed is armored. The thresh-
old for bed adjustment is much greater in boulder
bed and bedrock streams, where extreme flows are
required to mobilize the larger clasts or pluck ma-
terials from the channel bed. In suspended load
systems, resistance to erosion depends more on
the strength of electrochemical bonds between
cohesive, silt-clay materials than on the physical
properties of the particles themselves. The capaci-
ty for bedform adjustment is limited as high veloc-
ity flows are required to entrain these materials. As
a result, suspended load rivers tend to have rela-
tively planar beds.

Although bedform features are transient forms,
exerting only a minor influence on longer-term
patterns of geomorphic adjustment, they may be
critical considerations in appraisal of low flow
river behavior and habitat diversity along a reach.
For example, replacement of a heterogeneous bed
by ahomogeneous sand slug may represent signifi-
cant loss of habitat. More subtle adjustments may
be equally devastating in ecological terms. For ex-
ample, influxes of fine-grained sediments may
choke the interstices between gravels, requiring
flushing flows to reaerate the bed (e.g., Pitlick and
Wilcock, 2001).

5.5 Adjustments to channelshape

Variability in bed and bank material texture along
a river influences the capacity for channel adjust-
ment and resulting channel shapes. The inherent
strength and stability of the bed and banks deter-
mine the sensitivity of the channel to adjust,
whether vertically (the depth dimension) or later-
ally (i.e., channel width). The composition of
materials that make up the bank influences the
effectiveness of bank erosion mechanisms (i.e., lat-
eral adjustments). Floodplain character, and the
ease with which materials can be reworked at flood
stage, exert additional controls on river morpholo-
gy, influencing the capacity for lateral expansion
or channel migration.

Asbedform adjustmentslargely reflect transient
sets of contemporary processes, they have little
effect on the gross geomorphic structure or
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behavioral regime of the river. In contrast, bank
sediments record former depositional conditions
and/or events that were responsible for floodplain
formation. In some instances, materials that were
deposited under a former depositional regime may
constrain contemporary channel size and shape.
For example, the prevailing flow regime may no
longer be able to mobilize coarse boulders activat-
edunder extreme events in the past. Alternatively,
ancient fine-grained, cemented materials that
record suspended load deposition on floodplains
and/or terraces under a former climatic regime
may limit the capacity for adjustment of the con-
temporary channel.

Channel geometry records the balance of ero-
sional and depositional processes that shape the
bed and bank. These considerations vary at differ-
ent positions along a river, reflecting flow energy,
sediment availability, and landscape history.
Adjustments to channel shape may be locally vari-
able along a reach, reflecting adjustments to flow
alignment, channel position on the valley floor,
accentuated scour/erosion, influx of depositional
units, or forcing elements such as bedrock out-
crops, instream/bank vegetation, and woody de-
bris. Channel geometry adjusts to accommodate
flow and sediment fluxes. Key differences in river
character and behavior are observed in aggrada-
tional and degradational environments.

Channel shape is influenced by the energy
available to erode or deposit materials of different
caliber along the bed and/or banks at different
flow stages. In general terms, channel-forming
events are most effective at or near bankfull stage
when the capacity to perform geomorphic work
is maximized (e.g., Leopold et al., 1964). Iden-
tification of formative (bankfull) stage is a reach-
specific exercise. Depending on patterns of
instream sedimentation, or the stage of evolution,
bankfull stage may vary over time for any given
reach. However, adjustments to bed morphology
may occur at flow stages less than bankfull, as in-
stream geomorphic units are formed, reworked,
and reorganized.

Variability in bank morphology reflects a bal-
ance between bank erosion processes and the for-
mation/deposition of bank-attached geomorphic
units. Flow alignment, as determined by thalweg
position at different flow stages, dictates the distri-
bution of flow energy adjacent to banks, thereby

influencing this balance and the manner/rate of
adjustment to bank morphology. Undermining
of noncohesive deposits at the toe of composite
banks may occur at low-moderate flow stages.
Deposits may be draped against the banks, or bank-
attached features may form, at these flow stages.
Bank-attached geomorphic units typically form in
low-energy areas, away from the thalweg, and
include features such as point bars, lateral bars,
and benches. These features protect the bank
from erosion and produce a compound bank
morphology.

Midchannel geomorphic units that determine
the shape of the channel bed range from sculpted
(imposed) to free-forming variants. The balance of
erosional and depositional processesis determined
primarily by available flow energy and the sedi-
ment transport regime of the river (i.e., whether it
is a suspended load, mixed load, bedload, or
bedrock-dominated system). The nature and ex-
tent of deposition and reworking are determined
by the frequency of inundation of differing sur-
faces. Asnoted in Chapter 4, midchannel forms re-
flect an energy gradient from step—pool sequences
to cascades to runs and a range of depositional
features including riffles, islands, and midchannel
bars.

Five key types of channel adjustment affect
channel shape (Figure 5.7). The specific combina-
tion of lateral and vertical components varies in
differing settings and over time. Lateral adjust-
ment processes include lateral migration, channel
expansion, and channel contraction. Lateral mi-
gration describes progressive channel movement
across the valley floor. Although multiple forms of
planform adjustment may occur, including bend
rot